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Abstract
Unraveling the genetic secrets of ancient Baikal amphipods
by Lorena RIVAROLA-DUARTE
Lake Baikal is the oldest, by volume, the largest, and the deepest freshwater lake on
Earth. It is characterized by an outstanding diversity of endemic faunas with more
than 350 amphipod species and subspecies (Amphipoda, Crustacea, Arthropoda). They are
the dominant benthic organisms in the lake, contributing substantially to the overall
biomass. Eulimnogammarus verrucosus, E. cyaneus, and E. vittatus, in particular, serve
as emerging models in ecotoxicological studies. It was, then, necessary to investigate
whether these endemic littoral amphipods species form genetically separate popula-
tions across Baikal, to scrutinize if the results obtained – for example, about stress re-
sponses – with samples from one single location (Bolshie Koty, where the biological
station is located), could be extrapolated to the complete lake or not.
The genetic diversity within those three endemic littoral amphipod species was deter-
mined based on fragments of Cytochrome C Oxidase I (COI) and 18S rDNA (only for
E. verrucosus). Gammarus lacustris, a Holarctic species living in water bodies near Baikal,
was examined for comparison. The intra-specific genetic diversities within E. verrucosus
and E. vittatus (13 % and 10 %, respectively) were similar to the inter-species differences,
indicating the occurrence of cryptic, morphologically highly similar species. This was
confirmed with 18S rDNA for E. verrucosus. The haplotypes of E. cyaneus and G. lacus-
tris specimens were, with intra-specific genetic distances of 3 % and 2 %, respectively,
more homogeneous, indicating no –or only recent disruption of– gene flow of E. cyaneus
across Baikal, and recent colonization of water bodies around Baikal by G. lacustris. The
data provide the first clear evidence for the formation of cryptic (sub)species within en-
demic littoral amphipod species of Lake Baikal and mark the inflows/outflow of large
rivers as dispersal barriers.
vi
Lake Baikal has provided a stable environment for millions of years, in stark contrast to
small, transient water bodies in its immediate vicinity. A highly diverse endemic amphi-
pod fauna is found in one but not the other habitat. To gain more insights and explain
the immiscibility barrier between Lake Baikal and non-Baikal environments faunas, the
differences in the stress response pathways were studied. To this end, exposure exper-
iments to increasing temperature and a heavy metal (cadmium) as proteotoxic stres-
sors were conducted in Russia. High-quality de novo transcriptome assemblies were
obtained, covering multiple conditions, for three amphipod species: E. verrucosus and
E. cyaneus –Baikal endemics–, and G. lacustris –Holarctic– as a potential invader. After
comparing the transcriptomic stress responses, it was found that both Baikal species
possess intact stress response systems and respond to elevated temperature with rela-
tively similar changes in their expression profiles. G. lacustris reacts less strongly to the
same stressors, possibly because its transcriptome is already perturbed by acclimation
conditions (matching the Lake Baikal littoral).
Comprehensive genomic resources are of utmost importance for ecotoxicological and
ecophysiological studies in an evolutionary context, especially considering the excep-
tional value of Baikal as a UNESCO World Heritage Site. In that context, the results
presented here, on the genome of Eulimnogammarus verrucosus, have been the first mas-
sive step to establish genomic sequence resources for a Baikalian amphipod (other than
mitochondrial genomes and gene expression data in the form of de novo transcriptomes
assemblies). Based on the data from a survey of its genome (a single lane of paired-
end Illumina HiSeq 2000 reads, 3 X) as well as a full dataset (two complete flow cells,
46 X) the genome size was estimated as nearly 10 Gb based on the k-mer spectra and the
coverage of highly conserved miRNA, hox genes, and other Sanger-sequenced genes.
At least two-thirds of the genome are non-unique DNA, and no less than half of the
genomic DNA is composed of just five families of repetitive elements, including low
complexity sequences. Some of the repeats families found in high abundance in E. ver-
rucosus seem to be species-specific, or Baikalian-specific. Attempts to use off-the-shelf
assembly tools on the available low coverage data, both before and after the removal
of highly repetitive components, as well as on the full dataset, resulted in extremely
fragmented assemblies. Nevertheless, the analysis of coverage in Hox genes and their
homeobox showed no clear evidence for paralogs, indicating that a genome duplication
did not contribute to the large genome size. Several mate-pair libraries with bigger in-
sert sizes than the 2kb used here and long reads sequencing technology combined with
semi-automated methods for genome assembly seem to be necessary to obtain a reliable
assembly for this species.
Keywords: Genomics, Transcriptomics, Population Genetics, Amphipods, Baikal, COI,
18S rRNA, Speciation, Cryptic Species, Genome, Non-model Organisms, Large Genome,
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1.1 How did it all start?
This dissertation has its roots in the Helmholtz Russia project LabEglo ’Lake Baikal and
the biological effects of global change.’ It started in January 2011 and ended in 20141. It
was a consortium between AWI Alfred Wegener Institute for Polar and Marine Re-
search (Bremerhaven, Germany), UFZ Helmholtz Centre for Environmental Research
(Leipzig, Germany), Universität Leipzig (Leipzig, Germany) and Irkutsk State Univer-
sity (Irkutsk, Russia).
In this project, it was hypothesized that ancient freshwater ecosystems, such as Lake
Baikal, that over millions of years had developed a unique species inventory can be
particularly threatened by global change and the impact of anthropogenic chemicals.
Ecosystem change due to the replacement of indigenous species by competitive and
stress-tolerant ubiquitous invading species can be a threat. As a whole, the project com-
bined aspects of ecology, ecophysiology, and the molecular bases of cellular stress tol-
erance. The genes potentially involved in cellular stress responses mitigating adverse
effects of disadvantageous environmental conditions were identified using Next Gener-
ation Sequencing (NGS) and bioinformatics techniques, providing information on stress
response abilities of Baikal and putative competitor species. The ecological field and
physiological data provided the real-world context for interpreting the molecular re-
sults. By addressing aspects at different levels of biological complexity, the project laid
out a solid basis for forecasting the consequences of changes in environmental condi-
tions to the Lake Baikal ecosystem.
1Other joined proposals, project extensions, and Russian grants were successful –in that matter, research
has continued– but none of those founded the author further.
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The contribution to this project by the author of this dissertation was ample: taking part
in the first sampling campaign in 2011, sorting amphipods on-site, extracting DNA,
RNA, constructing the DNA libraries for sequencing, supervising bachelor students,
training guest scientists, writing manuscripts, as well as carrying out the bioinformat-
ics analysis (multiple alignments, phylogenetic trees, and network creation, calcula-
tion of metrics and plotting, generation of vector images for publications, data qual-
ity checks, de novo genome and transcriptome assembly, differential expression, among
other tasks). However, it is important to point out that the bioinformatics tasks pre-
sented bigger challenges than thought at the moment of the project conception. No one
knew at that time, for example, that the genome sizes of the Baikalian amphipod species
studied were extremely large.
1.2 Timeline
The dates for the sampling campaigns at Baikal (during the northern hemisphere sum-
mer), for the exposure experiments and for the NGS Illumina flow cells (FC) sequencing,
are shown below. The output from these three activities –sampling, exposure experi-
ments, and sequencing– was vital for the analysis required by the project, and therefore
this dissertation.
AUG-SEP 2011 Initial sampling of animals for tests & techniques set-ups
MAY 2012 Sequencing of the FC 1 (1 lane, genomic data, 1 lane transcriptomic data)
AUG-SEP 2012 Main sampling for population genetics studies
JAN 2013 Sequencing of the FC 2 (7 lanes, genomic data)
AUG-SEP 2013 Sampling for stress-related experiments, and population studies
AUG-SEP 2013 Exposure experiments performed in Irkutsk
DEC 2013 Sequencing of the FC 3 (7 lanes, genomic data)
FEB 2014 Sequencing of the FC 4 (7 lanes, transcriptomic data)
MAY 2014 Sequencing of the FC 5 (7 lanes, transcriptomic data)
AUG-SEP 2014 Second main sampling for population genetics studies
JUL 2015 Sequencing of the FC 6 (7 lanes, transcriptomic data)
AUG 2015 Sequencing of the FC 7 (7 lanes, transcriptomic data)
AUG-SEP 2016 Further sampling for population genetics studies
1.3. Funding 3
Specific working time dedicated (in %) for this dissertation by the author is shown here:
MAY 2011 – MAR 2015 Working full-time on the PhD 100%
APR 2015 – JUL 2015 Working only part-time on the PhD 50%
AUG 2015 – JUL 2017 Maternal leave 0%
AUG 2017 – PRESENT Working full-time in other projects / institutions <10%
1.3 Funding
Lorena Rivarola-Duarte´s research about Baikalian amphipods was financially supported
between May 2011 and April 2015:
• by the bilateral funding program “Helmholtz-Russia Joint Research Groups” (HRJRG)
from the Helmholtz Association and the Russian Foundation for Basic Research
(RFBR), LabEglo project HRJRG-221,
• by the Helmholtz Impulse and Networking Fund through Helmholtz Interdisci-
plinary Graduate School for Environmental Research (HIGRADE),
• by the Max Planck Institute for Mathematics in the Sciences (MPI MiS),
• and by Universität Leipzig.
1.4 Outline of the Thesis
This thesis is separated into three main parts. The first part aims to provide the frame-
work in terms of biological concepts, history of the lake, characteristics of the ecosys-
tem and the species studied, why are they interesting for research, as well as impor-
tant facts about genomes, the technologies used for sequencing, and the algorithms be-
hind genome/transcriptome assembly. The second part comprises the scientific con-
tributions, mainly in the form of updated and re-written articles already published in
peer-reviewed journals by the author of this dissertation, as well as her presentations
in national and international conferences, plus unpublished content shown for the first
time here. It contains the chapters versing about population genetics, genomics, tran-
scriptomics, and the final conclusion and future perspectives. The third, and last, part
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2.1 Lake Baikal Origins and Geology
The majority of the lakes on the planet are of Holocene age (< 18000 years). They tend
to disappear due to constant filling with sediments (Schön and Martens, 2004). How-
ever, several ancient lakes have existed continuously for millions of years. Most ancient
lakes, like Tanganyika (in south-eastern Africa, between Tanzania, Zambia, Congo, and
Burundi) and Baikal (in Russia), are situated in tectonically active rifts. Because these
rift valleys are becoming progressively wider and deeper, the depth of these lakes in-
creases faster than the infilling with sedimentation (Schön and Martens, 2004).
Lake Baikal is located in an intracontinental rift zone in the central region of southern
Siberia (Figure 2.1). With every year that goes by, the rift widens by approximately
2.0 centimeters (0.8 inches) (Helfferich, 1990; Siegel, 2020). The lake is divided into
three basins: North, Central, and South, with depths about 904 m, 1.642 m, and 1,461
m, respectively (De Batist et al., 2006). The North and Central basins are separated
by Akademicheskiy Ridge, while the Selenga Delta area and the Buguldeika Saddle
separate the Central and South basins (see Figure 4.3 in page 42).
Baikal is the oldest (25-30 million-years) (Sherbakov, 1999), by volume the largest (23,000
km3) and the deepest (1642 m) (De Batist et al., 2006) freshwater lake on Earth (Kozhova
and Izmest’eva, 1998; Martens, 1997), containing 22-23% of the world’s liquid freshwa-
ter (Rusinek et al., 2012a; Schwarzenbach, Gschwend, and Imboden, 2003; Tyus, 2012),
more than all of the North American Great lakes combined (Bright, 2010). That great
age offers time for an enormous layer of sediment to build upon the lake bed. In some
places, it can be around five kilometers thick. That massive amount of sediments offers
a record of tens of millions of years, recorded in layers never disturbed by glaciation
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FIGURE 2.1: Geographical position of Lake Baikal in Asia.
In this map rendering, the water bodies are shown in white. The distance between
the farthest points of Baikal (North-East to South-West) is about 600km (approx-
imately the distance in a straight line between Bremerhaven in the North-West
of Germany and Munich at the South-East), while from the eastern shore to the
western shore at the widest point is approximately 80km. Figures obtained from
Google and SK Telecom (2020).
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(Helfferich, 1990). Fossils trapped in the sediment could provide a history of the ecosys-
tems in and around the lake. Organically produced carbonate, found in mollusk and
shrimp shells, contains a ratio of stable isotopes of oxygen that varies according to the
water temperature in which the organism grew (Helfferich, 1990). Russian, U.S.A., and
Japanese cooperative studies of deep-drilling core sediments in the 1990s provided a
detailed record of climatic variation over the past 6.7 million years (Kravchinsky et al.,
2003; Kravchinsky et al., 2007).
The environmental conditions of open- and deep-water zones have remained close to
their current state for the last 2-4 million years (Kozhova and Izmest’eva, 1998; Timo-
feyev, 2010): (1) high oxygen content throughout the entire water column, (2) stable
low water temperature with a mean annual surface temperature of only +4 ◦C in open
Baikal and +6 ◦C in the littoral (Falkner et al., 1991; Weiss, Carmack, and Koropalov,
1991; Yoshioka et al., 2002), with long seasonal ice coverage of the lake surface (see
Figure 2.2), and (3) ultra-oligotrophy –comparatively very low levels of ions and dis-
solved organic carbon– (Kozhov, 1963; Chapelle and Peck, 1999). That makes it one
of the world’s clearest lakes (Jung et al., 2004); From the surface, one can see up to a
depth of 40 meters (Ivanovich Galazy, 1998). Into Lake Baikal flow more than 330 rivers
and streams, the largest of which include the Selenga, Barguzin, Upper (Verkhnyaya)
Angara, Chikoy, and Uda, with only one outflow: the Angara River, a tributary of the
Yenisey (Ivanovich Galazy, 1998). During the winter and spring, the surface freezes for
about 4–5 months; from early January to early May–June (latest in the north), the lake
surface is covered in ice (Baikal Web World BWW Irkutsk, n.d.).
Industries along the shores of Baikal include mining (mica and marble), cellulose and
paper manufacture, shipbuilding, fisheries, and timber. A pulp and paper mill built
on Lake Baikal’s southern shore (at Baykalsk, see Figure 2.3) in 1966 drew strong en-
vironmental protests from Soviet scientists and writers. The plant bleached paper us-
ing chlorine, and it discharged its waste directly into Lake Baikal, polluting the water
(Ivanovich Galazy, 1998). In 1971 the Soviet government adopted a decree to protect
the lake from polluting emissions. However, further pollution controls were resisted,
and industrial waste at the site remained a concern in the late 1990s and the 2000s. Af-
ter decades of protest, the fabric was closed in 2008, reopened in 2010, and, hopefully
forever, closed again in 2013 after bankruptcy1. As a mean to protect this unique ecosys-
tem with exceptionally high degrees of biodiversity and endemism, it was designated
in 1996 a UNESCO World Heritage Site2. Known as the ’Galapagos of Russia,’ (Jeffery,
Yampolsky, and Gregory, 2016) its age and isolation have produced one of the world’s
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FIGURE 2.2: Frozen Lake Baikal.
Ogoy Island at the South-West of Olkhon island in front of the Sarma River delta.
Photo taken in January 2016 (Wintertime) by Sergey Pesterev (2016) under Creative
Commons Attribution License Share Alike (2.0).
More than 2,600 animal species have been described so far, being 80% of them en-
demics, making the lake a hotspot of aquatic animal speciation (Timoshkin, 2001a; Tim-
oshkin, 2001b; Timoshkin, 2011; Rusinek et al., 2012b). This high degree of endemism
and the absence of otherwise ubiquitous Palearctic/ Holarctic (see Figure A.2 in page
124) species reflects the long evolutionary history of the lake in isolation from other
freshwater bodies (Timoshkin, 2001a; Timofeyev, 2010) allowing the independent evo-
lution of the Baikal species (Cristescu et al., 2010; Mats, Shcherbakov, and Efimova,
2011), which show highly specialized adaptations to the specific abiotic conditions of
these ancient waters. The ponds in the direct vicinity of Baikal and the isolated waters
at the shores of the lake are inhabited by species of the Euro-Siberian fauna (Palearctic,
see Figure A.2 in page 124), which is utterly distinct from the fauna of the open Lake
Baikal (Kozhova and Izmest’eva, 1998).
2.2 Lake Baikal Ecology: the Case of Amphipods
Amphipods (Amphipoda, Crustacea, Arthropoda - for complete taxonomy see the Figure
2.4) are among the most diverse groups (by species number) and essential elements in
the benthic food web of the ancient Lake Baikal (Timofeyev, 2010). Therefore they are
crucial for evolutionary, eco-physiological research and ecotoxicity monitoring (Timo-
feyev, 2010). They comprise 354 described species and subspecies (Takhteev, Berezina,
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FIGURE 2.3: Baykalsk pulp and paper mill in 2008, 5 years before its closure.
Photo taken from Wikipedia Commons under Creative Commons Attribution Li-
cense Share Alike (3.0). https://commons.wikimedia.org/wiki/File:Bajkal%
27sk_paper.jpg
Sidorov, et al., 2015). Baikal amphipods are morphologically and ecologically highly
diverse, including not only species that inhabit the benthic substrates in all the water
depths of the lake and its only outflow –the Angara River– but also the specialized
pelagic Macrohectopus branickii, and several parasitic species (Bazikalova, 1945; Mac-
donald, Yampolsky, and Duffy, 2005; Melnik, Timoshkin, and Sideleva, 1995; Jeffery,
Yampolsky, and Gregory, 2016). Lake Baikal exhibits spiny armor and gigantism, traits
that are also seen in amphipods in the ancient Lake Ohrid and Lake Titicaca, and in the
distantly-related Epimeriidae amphipods of Antarctica (Jeffery, Yampolsky, and Gregory,
2016; Takhteev, 2000; Chapelle, 2002; Chapelle and Peck, 2004).
Holarctic species, like Gammarus lacustris Sars 1863 (for complete taxonomy see the Fig-
ure 2.4), which inhabits very diverse environments, are found in water bodies in the
direct vicinity of Baikal. Still, these species do not intermix with the endemic gam-
marid fauna and vice versa: the endemic littoral gammarids species do not occur in
waters inhabited by Gammarus lacustris. The environmental conditions in the ponds in
the vicinity of Baikal and the isolated bays are in many regards highly different to those
of the open littoral zone of Lake Baikal (Figure 2.6). Seasonal and daily fluctuations of
the water temperature in those shallow waters are high; They contain higher levels of
humic substances and other plant remnants, as well as different hydrodynamic regimes
(Protopopova et al., 2014; Kravtsova et al., 2004; Kozhova and Izmest’eva, 1998). These
factors could explain why endemic Baikal gammarids, which are highly adapted to a
narrow window of environmental conditions, are unable to survive in those waters for
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FIGURE 2.4: Amphipods taxonomy for the Baikalian species (Eulimnogam-
marus) and the Holarctic one used here: Gammarus lacustris. Based on NCBI
Taxonomy (Schoch et al., 2020) and WoRMS World Register of Marine Species,
World Amphipoda Database (Horton et al., 2020). Image source: Clip art by
the University of Wisconsin-Extension and the Wisconsin Department of Natu-
ral Resources. http://clean-water.uwex.edu/pubs/clipart/ Webpage visited
on August 2020.
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more extended periods. On the other hand, it is a question why species that are ubiq-
uitous in the Palearctic and have adapted to survive in a wide range of environmen-
tal conditions are unable to establish stable populations in Lake Baikal. Individuals of
G. lacustris, for instance are frequently introduced into the lake, either from the streams
entering Lake Baikal, by birds or by humans when used as fish bait.
One of the main goals in this project was to elucidate the differences between the com-
mon Holarctic species G. lacustris and the Baikal endemic gammarids Eulimnogammarus
verrucosus (Gerstfeldt, 1858) and E. cyaneus (Dybowsky, 1874) – both belong to the poly-
phyletic genus Eulimnogammarus (Naumenko et al., 2017) –, to obtain insights into why
the Baikalian endemic species out-compete the non-Baikal species in Baikal waters with
ultra-oligotropy, high oxygen levels, and low average temperature (Falkner et al., 1991;
Weiss, Carmack, and Koropalov, 1991; Yoshioka et al., 2002). Photos of these species can
be seen in Figure 2.5.
FIGURE 2.5: Studied amphipod species in adult stages.
Lake Baikal endemics Eulimnogammarus verrucosus, E. vittatus, and E. cyaneus and
the Holarctic species Gammarus lacustris. Photos by Polina Drozdova, published
on Gurkov et al. (2019) under Creative Commons Attribution License International
(4.0). Re-designed for this dissertation by Lorena Rivarola-Duarte (Individual
photos were extracted and re-ordered; species names were added).
E. verrucosus and E. cyaneus inhabit the littoral of the lake, the potential invasion site
of G. lacustris. In this sense, a comparison of their stress response systems was con-
sidered particularly relevant (Jakob et al., 2016). Lake Baikal water has been histori-
cally highly pristine, so the endemics species might therefore be particularly susceptible
to chemical pollution. It seems conceivable that water contamination might provide a
competitive advantage to non-Baikal species (less sensitive to chemicals in the water?),
facilitating their invasion into Baikal. To shed some light on this matter, it was explored
on Chapter 5 (Transcriptomics of Baikalian amphipods), how the gammarids respond to
chemical and temperature stress at Lake Baikal water conditions. The idea was to see if
these stress factors could provide an advantage to G. lacustris over the Eulimnogammarus
species.
But why were these two Baikalian species chosen for all the analysis in this dissertation
from more than 300 species out there? Short answer: because they are easy to sample
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(A)
(B)
FIGURE 2.6: Baikal impressions: (A) Bolshie Koty shore, South-West regions
of Lake Baikal, (B) Pebbles, habitat of benthic littoral amphipods. Photos taken
during the sampling campaign in August 2011 (Summertime) by Lorena Rivarola-
Duarte
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at the shore. Long answer: they live in slightly different ecological niches, and there-
fore their strategies might be unalike. Eulimnogammarus verrucosus is one of the most
abundant amphipods of the macro-zoobenthic community, a typical omnivorous inhab-
itant of the upper and sub-littoral zones of this lake. It is found at water depths from
10 cm down to 15− 25 m in rocky substrate consisting of medium-size to large round
pebbles (Kravtsova et al., 2004; Bazikalova, 1945), see Figure 2.6. It reproduces dur-
ing the winter months (Timofeyev, 2010; Bedulina et al., 2013; Axenov-Gribanov et al.,
2016) and it is stenotherm (Timofeyev, 2010; Bedulina et al., 2013; Axenov-Gribanov et
al., 2016), being comparatively sensitive to higher temperatures. E. cyaneus inhabits the
rocky shores too, but in contrast, it reaches the highest population density in the shal-
low water, where the temperature fluctuations are more considerable. It reproduces in
summer; and it was shown to be relatively thermo-tolerant (Timofeyev, 2010; Bedulina
et al., 2013; Axenov-Gribanov et al., 2016). As these species occur close to the shore, they
might be particularly affected by water pollution and other human activities. Therefore
they serve as model species for ecotoxicological studies on the effects of anthropogenic
contamination on the Lake Baikal amphipod fauna. Please refer to the section Investi-
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3.1 Genome Sequencing: Short Reads vs. Long Reads
Since the completion of the human genome at the turn of the millennium, sequenc-
ing technology has progressed to the point that genome sequencing has become a fast
and cost-effective routine procedure. With the emergent ”third-generation sequencing”
technologies (Stranneheim and Lundeberg, 2012; Maitra, Kim, and Dunbar, 2012) that
avoid PCR and capture the readout in real-time, a further drop in sequencing costs is
already available (see Table 3.1). In contrast, the cost of data analysis has not decreased
in a similar manner. Assembly and annotation of genome-wide high throughput data
have remained a labor-intensive and challenging task despite the continuing improve-
ments of algorithms and software. Starting with the panda (Li et al., 2010b) and turkey
(Dalloul and et al., 2010) genomes in 2010, which were produced entirely with Next Gen-
eration Sequencing technologies, data analysis has become the dominating cost factor.
This trend has accelerated since then.
With the exception of mammals, model organisms for genomic studies have been sys-
tematically selected to have small, compact genomes. These choices were obviously
guided by economic considerations to keep sequencing costs under control, but also by
technical considerations concerning the limitations of the data analysis, in particular, the
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TABLE 3.1: Comparison between high-throughput sequencing platforms.
Note the difference in cost between Illumina HiSeq and PacBio RS technology.
N° reads/run: the number of reads generated per run; Time/run: the time spent
per run; Cost: the dollars spent per Gb of data sequenced. Statistics taken from
Liao et al. (2019).
Platform/Company Error Read length bp N° reads/run Runtime Cost
GS FLX/454 Life Sciences, Roche 1% 200-1000 0.4-0.5 Gb ∼ 23 h $9.5
SOLiD 5500xl/Applied Biosystems 0.1% 2× 35− 2× 75 30-50 Gb ∼ 10 d $70
Illumina HiSeq 2500/Solexa, Illumina 0.2% 2× 50− 2× 150 750-1500 Gb ∼ 40 h $45
Illumina MiSeq/Solexa, Illumina 0.2% 2× 50− 2× 300 7.5-13 Gb 21–56 h $110
PacBio RS/Pacific biosciences 16% ∼ 20× 103 500 Mb-1 Gb ∼ 4 h $1000
Nanopore MinION/Oxford Nanopore 38% ∼ 200× 103 500 Mb-1.5 Gb ∼ 50 h $750
feasibility of assembly. The combination of paired-end and mate-pair data usually pro-
duced in modern genome sequencing projects (see Figure 3.1) can be typically assem-
bled to large contigs and scaffolds. Nevertheless, these are usually much shorter than
chromosome sizes in multicellular animals and plants. It is, therefore, virtually impossi-
ble for genomes much larger than some 10 Mb to obtain a complete, chromosomes-level
assembly by using sequences alone. Only the genomes of prokaryotes, unicellular fungi,
algae, and other protists are thus routinely available in the form of chromosome-level
assemblies.
The limiting factors in genome assembly have been well studied (Henson, Tischler, and
Ning, 2012; Nagarajan and Pop, 2013). The most fundamental problem is the repetitive
elements. In a nutshell, the linear order of the genomic sequence cannot be determined
even from a complete collection of sub-sequences of limited length when these reads
are shorter than the repeat (Salzberg and Yorke, 2005; Treangen and Salzberg, 2012).
Paired-end and mate-pair sequencing can be used to extend the effective size of sub-
sequences, but the basic effect remains that vast ”seas” of repeats cannot be bridged.
Since larger genomes consist of more and more repetitive regions, the problem becomes
more difficult with increasing genome size (Schatz, Delcher, and Salzberg, 2010).
Recent advances in sequencing technologies have made it possible to produce reads
of several kilobases in length. Pacific Biosystems (PacBio), the first widely used third-
generation sequencing technique, has sparked high hopes in the field of sequence as-
sembly (see Figure 3.2), promising remedy to the computational challenges of non-
model organisms with large genomes (Li et al., 2019). However, it is unclear if (and
when) this technology will become as efficient and cost-effective as the widely-used
Illumina technology. So far, PacBio has been used to assemble tiny genomes such as
serovars of Salmonella enterica and has successfully been applied to fill gaps of current
assemblies (English et al., 2012; Huddleston et al., 2014; Hoffmann et al., 2013). The
genomes of several insects have been publicly reported using PacBio or the combination
of Illumina and PacBio (Li et al., 2019). PacBio reads are even longer than many contigs
in several insect genome assemblies. However, in the opinion of Li et al. (2019), the
third-generation sequencing techniques are far from mature. One of the downsides of
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FIGURE 3.1: Understanding genome assembly.
Typically, the de novo assembly of genomes from short sequence reads is a hierar-
chical process. Short reads are first assembled to contigs using sequence overlaps.
In a second step, these contigs might then be joined by paired-end information
to obtain scaffolds. Mapping the scaffolds to external data can further refine the
assembly. Figure by Green (2001)
long-read technologies is the quantity of high-molecular-weight DNA required for the
methods (Li et al., 2019). Besides, these methods have high error rates in sequencing,
although error correction can rely on using overlapping raw sub-reads to improve the
base accuracy. Generally, PacBio requires more depth of coverage for better corrections
(Li et al., 2019). According to the manufacturer, ’PacBio HiFi reads provide an optimal
balance between long read lengths (up to 25 kb) and high accuracy (>99%), generat-
ing contiguous, complete, and correct de novo assemblies1.’ The recommendations are
15-fold HiFi coverage for typical diploid genomes or > 20-fold HiFi coverage for repeat-
rich genomes. With those numbers in mind, a purely PacBio-based genome sequencing
project incurs costs that are beyond the reach of all but a few very generously endowed
research institutions. On the other hand, the Illumina technology is routinely used for
a wide variety of sequencing projects, allowing the production of genome survey data
at relatively moderate costs. Even though technologies like PacBio (providing much
longer reads) will eventually supersede short-reads in the long run, the development
of more efficient strategies for de novo assembly of large genomes is a pressing practical
problem for both financial and technological reasons.
3.2 The Challenges of Large Genomes
Organisms with inconveniently large genomes have been established as important mod-
els. The newt Notophthalmus viridescens (genome size 39.25 GB), for instance, has become
1Accessed on February 2nd, 2021 https://www.pacb.com/applications/whole-genome-sequencing/
plant-animal/
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FIGURE 3.2: The promise of third-generation sequencing technologies: com-
parison between short and long reads.
(A) region with two nearly identical repeats (blue). Assembly programs cannot
assign reads falling in the repeats to unique positions and will assemble those
reads into a single contig. (B) Haplotype phasing. SNPs (single nucleotide: A or
C) or larger variations (red or blue) between maternal and paternal alleles located
too far apart to be covered by a single read will be difficult to phase to the parental
allele of origin. This will lead to ambiguous trajectories that result in fragmented
assemblies. (C) A multitude of mRNA transcript isoforms can be generated from
a single gene through alternative intron splicing. Long-read sequencing covers
the entire transcript and will thus provide information about exon junctions in
the individual transcripts. (D) NGS methods depend on PCR amplification dur-
ing library preparation and/or on the flow cells. PCR is a bias-prone process that
tends to be inefficient at extreme GC content. As a result, regions with extreme
GC content will often be poorly covered. Single-molecule real-time sequencing
(SMRT) and nanopore long-read sequencing technologies do not require PCR am-
plification and suffer much less of this problem (although SMRT sequencing uses
a polymerase). Figure by van Dijk et al. (2018). License obtained at Elsevier for its
reproduction here.
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a well-studied model organism to study regenerative processes (Borchardt and Braun,
2007; Bruckskotten et al., 2012). Amphipods are frequently studied in ecotoxicological
contexts. The genomes of some of the economically most important crops (wheat 16 GB,
wild wheat 4.36 Gb2, barley 5.5 MB) are large and polyploid and have been sequenced
recently (Appels et al., 2018; Luo et al., 2017; Liu et al., 2020). Beyond practical and
economic considerations, insights into large genomes are crucial to the understanding
of the mechanisms of genome evolution.
Surprisingly, genome sizes can vary dramatically even between relatively closely re-
lated species (Jeffery, Yampolsky, and Gregory, 2016), emphasizing the need for data
also on the larger genomes. Extreme cases of vertebrate genomes are at least an order of
magnitude larger. Lungfish genomes exceed 40 Gb, with extreme cases reaching beyond
120 Gb, and similar numbers have been reported for newts. The genomes of cartilagi-
nous fishes can also exceed 10 Gb. Many invertebrate phyla also have large genomes, in
particular, flatworms and several arthropod groups, including grasshoppers, calanoid
copepods, decapods, and amphipods (Dufresne and Jeffery, 2011). For more informa-
tion on genome sizes, see Figure 3.3 and Tables C.1, C.2 and C.3 in the Appendix C, page
137.
Genome size evolution appears to be a composite of multiple factors. Mechanisms
for expansion include small-scale nucleotide insertions, segmental duplications includ-
ing gene duplications, insertions of transposable elements, and global effects such as
polyploidy and whole-genome duplications. Genome contraction can be caused by nu-
cleotide deletion, DNA repair, unequal intra-strand homologous recombination, or the
loss of transposable elements. Surprisingly, the rate of size change is positively corre-
lated with genome size throughout the eukaryotes (Oliver et al., 2007). Data from the
sequenced genomes show that large genomes are composed of an increasing fraction of
mobile elements (Kidwell, 2002; Lynch and Conery, 2003), indicating that transposable
elements begin to dominate genome structure for sizes above 0.5 GB. Intron sizes corre-
late well with genome size in animals but are nearly invariant in higher plants (Wendel,
Cronn, and Alvarez, 2002).
The mechanisms that lead to these variations in genome size are very poorly under-
stood. Several physiological and ecological correlates of genome size have been re-
ported and studied in some detail. Universally, large genomes reside in large cells (Gre-
gory, 2005). A positive correlation between genome size and latitude was also observed
in several studies. There is evidence from various animal taxa, including amphipods,
that species inhabiting polar regions possess larger genomes than their temperate coun-
terparts (Jeffery, Yampolsky, and Gregory, 2016; Dufresne and Jeffery, 2011; Rees et al.,
2007). Rees et al. (2007) suggested that the large genomes of marine arctic amphipods
are the result of a-(adverse) selection, an extension of K-selection, and it is possible that
large genomes exist in Baikal amphipods due to environmental similarities between
deep lakes and the polar oceans (Martens, 1997; Jeffery, Yampolsky, and Gregory, 2016).
2The author of this thesis contributed to this publication (Luo et al., 2017).
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The possible association of small genome size with parasitism and a lack of effect aris-
ing from a eusocial lifestyle is investigated in Ardila-Garcia, Umphrey, and Gregory
(2010). It remains unclear what the causes are behind these correlations and whether
they are the direct result of selection at all. Lynch (2007), for instance, argues that re-
duced effective population sizes in multicellular eukaryotes allowed a proliferation of
genomic structures due to relaxed selection against them. Therefore, the genome size
variation cannot be explained by simple selection pressures on the genome itself. Nau-
menko et al. (2017) mentioned that the analysis of genome size in Baikal amphipods
(Jeffery, Yampolsky, and Gregory, 2016) indicates that genomes are larger in quickly di-
versifying lineages, possibly corroborating the previously discovered elevated rate of
gene duplications and transposable elements insertions in quickly diversifying Great
African Rift Lakes cichlid lineages (Brawand et al., 2014). A better understanding of the
forces that shape genomes globally requires a denser and less biased foundation of data
on diverse genomes’ organizational structures. NGS approaches can provide such data
in an efficient and economical way. However, the corresponding analysis methods need
to be adapted and modified to deal with very large genomes.
3.3 The Computational Challenges of de novo Assemblies
Contemporary genome projects typically employ a whole-genome shotgun strategy
(WGS), which generates a huge number of small sequence fragments that must be as-
sembled (Richards and Murali, 2015). This genome assembly task proceeds along one
of two routes: de novo or mapping assembly, depending on whether a reference genome
already exists (Wajid and Serpedin, 2012). De novo genome assembly depends entirely
on overlapping information between the reads. In contrast, mapping assembly first de-
termines the position of reads relative to the reference genome and then assembles the
reads into contigs or scaffolds (Li et al., 2019).
The widespread use of Next Generation Sequencing (NGS) technologies (due to their
reduced cost) has revitalized the algorithmic research focused on de novo assembly.
The massive amount of available data poses new computational challenges (Rizzi et
al., 2019) and non-model organisms are being sequenced more often. There are three
broad categories of de novo assembly algorithms. The first category is based on over-
lap/layout/consensus between long sequences (Carbone et al., 2014); this includes such
assemblers as CABOG (Miller et al., 2008), SHORTY (Hossain, Azimi, and Skiena, 2009),
EDENA (Hernandez et al., 2008), CELERA (Myers et al., 2000) and many others (Li et al.,
2019). These software programs are suitable for assembling medium-length reads gen-
erated by the Sanger sequencing method; though generally less useful for ’short-read’
sequencing methods (e.g., Illumina), they have also proven useful for third-generation
’long-read’ sequencing technology such as PacBio and Nanopore sequencing (Li et al.,
2019). The second category of assembler uses De Bruijn graph algorithms, which are
well suited for short reads produced by second-generation sequencing techniques such
as the Illumina sequencing platform. These graph-based programs include SOAPdenovo2
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TABLE 3.2: Summary of popular assemblers. SE: single-end reads; PE: paired-
end reads; Li: large-insert reads; L: long reads. Statistics taken from Liao et al.
(2019).
Basic framework Assembler Input Speed Memory N50
OLC graph PCAP SE/PE/Li/L + + +++
AMOS SE/PE/Li + + +++
Arachne SE/PE/Li + + +++
Celera SE/PE/Li/L + + +++
De Bruijn graph Velvet SE/PE/Li ++ ++ +
ALLPATHS SE/PE/Li + + +++
Abyss SE/PE/Li ++ +++ ++
SOAPdenovo2 SE/PE/Li +++ ++ ++
SparaseAssembler SE/PE/Li ++ +++ ++
JR-Assembler SE/PE/Li + + +++
MaSuRCA SE/PE/Li/L + + +++
EPGA PE + +++ ++
EPGA2 PE + + ++
SPAdes SE/PE/Li ++ +++ +++
IDBA-UD SE/PE/Li ++ +++ +++
Velevet-SC SE/PE/Li ++ +++ +++
ALLPATHS-LG PE/Li/L + + +++
String graph SGA SE/PE/Li + + +++
Readjoiner SE/PE/Li + + +++
FALCON L + +++ ++++
(Luo et al., 2012), EULER (Pevzner, Tang, and Waterman, 2001), Velvet (Zerbino and Bir-
ney, 2008), and WTDBG (Ruan and Li, 2020). When using this method, various k-mer sizes
need to be tested, which is a time-consuming procedure (Li et al., 2019). The third cat-
egory includes software implementing greedy graph algorithms (Wajid and Serpedin,
2012), such as SSAKE (Warren et al., 2007), SHARCGS (Dohm et al., 2007) and VCAKE (Jeck
et al., 2007).
A fundamental tool used for de novo assembly is a graph representation of the relation-
ships between the portions of the genome, called reads, sharing a common prefix and
suffix (Rizzi et al., 2019). Most of the current methods for de novo genome assembly
from short reads use either De Bruijn graph or string graph-based algorithms (see Table
3.2), which require substantial random access memory (RAM), storage, and long com-
putation times (Liao et al., 2019). For example, several short-read assembly packages
–such as Abyss (Simpson and et al., 2009), ALLPATHS-LG (Gnerre et al., 2011), SGA (Simp-
son and Durbin, 2012) and SOAPdenovo/SOAPdenovo2 (Li et al., 2010a; Luo et al., 2012)–
have been used for mammalian size genomes up to the 3 Gbp human genome. They
generally take several days to weeks and require servers or clusters with at least 512
gigabytes (GB) of RAM and many terabytes (TB) of disk space available for a gigabase-
sized genome (Schatz, Witkowski, and McCombie, 2012; Liao et al., 2019).
Both representations share the idea that a genome assembly corresponds to a path in
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the graph: for this reason, the step following the construction of such a graph is the
extraction of relevant paths (Rizzi et al., 2019). Under ideal conditions, such as the
absence of errors and repeats, it is possible to reconstruct only one relevant path in such
a graph (that is, there is only one possible assembly)(Rizzi et al., 2019).
In a De Bruijn graph approach (e.g., Velvet (Zerbino and Birney, 2008)) the nodes of
the De Bruijn graphs are k-mers for some fixed k. Two nodes are connected if the cor-
responding k-mers overlap by k− 1 bp. Subsequently, the de novo assembly is obtained
from a graph traversal while allowing only paths consistent with reads mapped onto the
De Bruijn graph. There are several other tools that use De Bruijn graph-based assembly
algorithms such as ABySS (Simpson and et al., 2009), ALLPATHS (Gnerre et al., 2011) and
SOAPdenovo/SOAPdenovo2 (Li et al., 2010a; Luo et al., 2012).
The string graph and string graph assembly concepts have been introduced by Gene
Myers (2005). In contrast to the De Bruijn graph, the nodes of the string graph represent
reads, and two nodes are connected if the reads overlap to some extent. In practice,
it is necessary to employ heuristics such as k-mer indices for suffixes and prefixes of
reads to establish these overlaps. The string graph formalism is used by the SGA assem-
bler (Simpson and Durbin, 2012). Depending on the implementation, both approaches
have been shown to yield reasonable results with short reads also for larger genomes3.
However, there is still ample space for improvement.
All tools employ sequencing error correction procedures prior, during, or after the as-
sembly. These heuristics are based on filtering reads with low sequencing quality values,
sequence-based corrections using a k-mer consensus (Gnerre et al., 2011) or maximum
likelihood set of corrections (Kelley, Schatz, and Salzberg, 2010), topological features
(tips, bubbles) in the De Bruijn graph, or the coverage of the assembled contigs (Simp-
son and Durbin, 2012). All of these approaches might suffer from a poor distinction of
sequencing errors and true biological variance, e.g., single nucleotide polymorphisms
or mutations. Due to biases in library preparation and sequencing protocols, alternative
alleles might occur less often than expected. Likewise, certain errors might occur more
frequently than others. Thus, the error correction might introduce additional errors or
remove biological variation substantial for the successful completion of the assembly.
Furthermore, the quality of genome assemblies is significantly decreased by the pres-
ence of repetitive elements. During the construction of the graphs, repetitive elements
might cause multiple alternative similar paths. Velvet, e.g., is able to remove similar
but not identical repeats during error correction. Subsequently, an additional repeat
solver algorithm is used to remove identical repeats. A different approach is taken by
ALLPATHS. For some given k, all k-mers that occur more than once in different sequence
contexts indicate so-called branches. ALLPATHS decomposes the sequence set by breaking
the genome at every branch. In this way, the tool reduces the influence of repetitive
elements during the assembly step.
3cf. http://gage.cbcb.umd.edu/results/index.html
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In summary, error correction and repeat handling are important factors determining the
success of a genome assembly. The careful design and selection of these procedures be-
come even more critical for large genomes with a high repeat content. Similar (not iden-
tical) repeats might appear as sequencing errors or single nucleotide polymorphisms
and might cause topological irregularities in the assembly graph. Since a great deal of
computation time is spent on resolving these issues (e.g., Velvet’s Tour Bus algorithm),
state of the art assemblers quickly become infeasible.
An extension-based assembler, called JR-assembler, was introduced (Chu et al., 2013).
In contrast to earlier approaches (e.g., SSAKE (Warren et al., 2007), VCAKE (Jeck et al.,
2007)) extensions are done by full reads. In such a way, it can readily jump over most
biological variations such as single nucleotide variations (SNVs), short insertions and
deletions (Indels), or short repeats. The most critical step hereby is to select ”good”
reads for extension. Currently, reads are selected based on their read count and re-
quired to have a perfect overlap. By remapping reads onto assembled sequences, the
JR-assembler is able to evaluate the previous extension and detect repeats. During ex-
tension, the most probable path is taken without directly stopping at potentially repet-
itive regions as those are resolved later by identifying repeat boundaries and breaking
the initial pre-contigs. In the end, contigs connected by a low-coverage region can be
merged if a unique read path with less stringent extension requirements is found.
3.4 Comparative Genomics: Crustacean Genomes Available
Crustaceans in general, but amphipods in particular, together with amphibians and
lobe-finned fishes, are the animals with the biggest variation in genome size, ranging
from 0.68 to 64.62pg for amphipods (see Figure 3.3 and Tables C.1, C.2, and C.3). The
genome size for Eulimnogammarus verrucosus was unknown when the project started in
2011. Even when several crustacean genomes have been sequenced (see Tables 3.3, C.4
and C.5), only the genomes of six species have been deposited in the NCBI Genomes
database among the entire amphipod order. If one searches for the keywords "Amphi-
pod + Genome" in PubMed Central®4 (NIH/NLM) or Web Of Science5 there is a clear
tendency of more articles appearing every year (see Figure 3.4). Five of the amphipod
genomes available belong to the Infraorder Talitrida (according to NCBI taxonomy on
February 2021), including for example: Hyalella azteca, (Poynton et al., 2018), a freshwa-
ter amphipod that lives by burrowing in the sediments; Parhyale hawaiensis (Parchem
et al., 2010; Zeng et al., 2011; Kao et al., 2016); and Trinorchestia longiramus, highly abun-
dant in sandy beaches of South Korea (Patra et al., 2020). The only amphipod genome
from the Superfamily Gammaroidea recently available in the NCBI is Gammarus roeselii
by Cormier et al. (2020). Another paper by Jin et al. (2019) has been published about the
assembly of the genome of Gammarus lacustris (used in this dissertation for comparative
purposes in various analyses), but only the raw reads were deposited in the NCBI.
4https://www.ncbi.nlm.nih.gov/pmc/
5https://www.webofknowledge.com
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FIGURE 3.3: C-values (in picograms) in the tree of life (boxplot).
Values obtained from the "Animal Genome Size Database" (Gregory, 2020), "Plant
DNA C-values Database" (Leitch et al., 2019) and "Fungal Genome Size Database"
(Kullman, Tamm, and Kullman, 2005). For protists, bacteria, and archaea, the
genome sizes in MB were obtained from the NCBI Genome database (NCBI,
2020) (only "complete" assembly level) and transformed based on 1pg = 978 Mbp
(Dolezel et al., 2003). Averages shown in white dots. Figure inspired by Gregory
(2004), and made in R (R Core Team, 2020). For more information, see Figure C.1
in page 137 .
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TABLE 3.3: Crustacean genomes sequences available at NCBI (summary).
* The first Crustacea genome available was Daphnia pulex (189.551 Mbp), available
in 2011. ** The first Malacostraca genomes were Armadillidium vulgare and Hyalella
azteca (550.886 Mbp). *** The first full Gammarida genome was available in 2020:
Gammarus roeselii (3.239 Gbp). **** The genome of Parhyale hawaiensis (2.753 Gbp),
used for comparison in this dissertation, belong to this taxa. Check the Tables C.4
and C.5 for more information. Genomes – NCBI Datasets webpage was visited
on January 25th, 2021. https://www.ncbi.nlm.nih.gov/datasets/genomes/











































































Pubmed Web Of Science
FIGURE 3.4: Number of articles published per year about "amphipod +
genome" according to Pubmed (NCBI) in blue and Web of Science (© 2020 Clari-
vate Analytics) in orange. Data retrieved on January 29th, 2021.
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3.4.1 Assembly Strategies Used and Results
Parhyale hawaiensis
The genome of P. hawaiensis was originally based on a BAC library consisting of 129,024
clones with an average insert size of 140 kb (Parchem et al., 2010). This library amounted
to five genome equivalents of the ∼ 3.6 Gb genome. Analysis of specific genes and
gene families, including sequencing of several selected BAC clones, revealed several
features of Parhyale, which could be compared to those in other arthropods specifically,
and metazoans more broadly (Parchem et al., 2010). For example, the intergenic distance
in the Parhyale genome is much greater than those of previously sequenced arthropods
(Zeng et al., 2011; Kao et al., 2016; Sun and Patel, 2019). Furthermore, analysis of coding
regions in Pax group III and other genes revealed significantly greater intron size (Kao et
al., 2016; Sun and Patel, 2019). These results are consistent with the very large genome
size of Parhyale, and suggest that Parhyale has undergone genome expansion (Zeng et
al., 2011; Kao et al., 2016; Sun and Patel, 2019). In Kao et al. (2016), the genomic DNA
from a single adult male was used to generate a genome assembly containing 133,015
scaffolds (N50 of 81,190 bp), 259,343 unplaced contigs, and 584,293 shorter contigs that
could represent polymorphic regions. Annotation by Augustus (which uses high confi-
dence gene models generated using assembled transcriptomes), gene homology, and ab
initio predictions, generated 28,155 gene models (Kao et al., 2016; Sun and Patel, 2019).
Combined genomic and second-generation Illumina transcriptomic data accounted for
247 of the 248 CEGMA (Core Eukaryotic Genes Mapping Approach) orthology groups,
a measure of assembled genome completeness (Parra, Korf, and Bradnam, 2007). More-
over, 96% of new transcriptome reads map to the genome. Taken together, this suggests
that the current genome assembly captures nearly all of the protein coding information
for Parhyale (Kao et al., 2016; Sun and Patel, 2019). An updated genome sequencing
effort, which included Dovetail Chicago and Hi-C methods for stitching together large
contigs and bridging gaps over repetitive elements, resulted in a dramatically improved
genome sequence (Sun and Patel, 2019). The genome of Parhyale was used here for basic
comparative analysis.
Gammarus lacustris
For the de novo genome assembly of Gammarus lacustris (Jin et al., 2019), seven paired-
end Illumina libraries, including three short-insert libraries (250, 500, and 800 bp) and
four long-insert libraries (2, 5, 10, and 20 kb), were sequenced in an Illumina HiSeq
2000 platform. SOAPdenovo2 v2.04 (Luo et al., 2012) with –K 41 was the assembler
used (Jin et al., 2019). The whole-genome sequencing of G. lacustris generated 464.41
Gb of raw reads. The draft genome presented a size of 5.07 Gb (which covered 37.55%
of the estimated genome), with 443,304 scaffolds (>2 kb), an N50 of 2,578 bp, and the
longest scaffold was 2,165,915 bp. The genome sequencing coverage was estimated to
be 91.6 × based on the k-mer prediction of 13.5 Gb for the G. lacustris genome (Jin et al.,
2019). They integrated the genome and transcriptome data to support the biological and
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ecological adaptation of G. lacustris to the Tibetan plateau. It is interesting to point out
that their PacBio genome sequencing failed to generate high-quality sequences because
of the difficulty of extracting good genomic DNA from G. lacustris.
Gammarus roeselii
The final draft assembly of G. roeselii (Cormier et al., 2020) is composed of 1.1 million
contigs and scaffolds with N50 of 4.8 kb and contains only 0.02% of undetermined
nucleotides. The total length of the assembly was 3.2 Gb, which is close to the esti-
mated genome size from the k-mer frequency distribution of paired-end reads (3.4 Gb).
The genome completeness assessment using BUSCO revealed that 855 of 1066 (80.2%)
conserved specific Arthropoda genes were present in the final assembly of G. roeselii
(Cormier et al., 2020). Contiguity and completeness of the draft genome of Cormier et
al. (2020) appear to be fairly good, considering that it was assembled exclusively with Il-
lumina short reads and that it is a very large and highly repeated genome (51% based on
sequencing reads and 45% directly from the genome). They pursued an interesting ap-
proach; they sequenced the symbionts and host together and assembled the mixed data
with MaSuRCA v3.2.7 (Zimin et al., 2013). Then they filtered out the different species
based on homology. Finally, the proportion of repetitive elements in the host genome
was evaluated using RepeatExplorer (Novák, Neumann, and Macas, 2010; Novák et al.,
2013) directly from raw reads and the filtered assembly using RepeatMasker v1.323.
See Figure 3.5 for the taxonomical position of the Malacostraca genomes available, in-
cluding G. roeselii and P. hawaiensis.
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FIGURE 3.5: Malacostraca phylogeny: genomes sequences available. Max-
imum likelihood phylogenetic tree of Malacostraca based on 12 single-copy nu-
clear genes extracted from nine of the sequenced genomes available in NCBI for
this taxa. In pink, Gammarus roeselii, the closest genome to Eulimnogammarus ver-
rucosus, published at the end of 2020. Bootstrap values (%) are indicated at each
node. Scale bar indicates changes per site. Figure published by Cormier et al.
(2020) under Creative Commons Attribution Non-Commercial License (4.0), modified
for this dissertation by Lorena Rivarola-Duarte (the drawings of Armadillidium
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4.1 Introduction
How do new species appear? As described in Chapter 2: "Biological Background", the
long geological history of Lake Baikal (25–30 million years) might be a critical precondi-
tion for the evolution of its exceptional biodiversity (Martens, 1997), reflected in the 354
species and subspecies (Takhteev, Berezina, Sidorov, et al., 2015; Takhteev, 2019). Even
excluding the subspecies level taxa, Baikal hosts 4.3% of the world fauna of amphipods
and 45.3% of amphipods inhabiting the superficial continental waters (Takhteev, 2000;
Takhteev, 2019). They show a considerable morphological and ecological diversity and
inhabit every benthic niche in all water depths of Baikal and its only outflow, the An-
gara River (Takhteev, Berezina, Sidorov, et al., 2015). However, their morphological
diversity cannot be explained solely by adaption to habitat. One of the most evident as-
pects of this diversity is the pronounced variability of body color and coloration pattern
(Drozdova et al., 2020).
The high amphipod biodiversity of Baikal, a classic case of explosive radiation, can par-
tially be explained with a high diversification rate (Daneliya, Kamaltynov, and Väinölä,
2011; Romanova et al., 2016; Naumenko et al., 2017) that potentially is due to an elevated
mutation rate. The possibility of high mutagenic pressure can be seen, for example, in
the unusually high structural diversity of the amphipod mitochondrial genomes in Lake
Baikal (Romanova et al., 2016).
But it should not be forgotten that one of the prerequisites for the formation of new
species is the limited gene flow between populations of the same species. How can
gene flow be reduced to lead to the divergence of populations to the point of becoming
different species with enough time given? For example, with geographical obstacles and
even long distances: Lake Baikal is approximately 600km long, and the amphipods only
a couple of centimeters. Therefore they offer a unique opportunity to observe ongoing
micro-evolution resulting in phenotypically distinguishable species.
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But what is it known about the differences that are not obvious to the naked eye? For
Baikalian littoral amphipods, the existence of geographically distinct populations was
already suggested in the allozyme analysis of Eulimnogammarus cyaneus by Mashiko et
al. (2000) and the Cytochrome C Oxidase I (COI) gene fragment sequences comparison
of Gmelinoides fasciatus (Stebbing, 1899) by Gomanenko et al. (2005) and Fazalova et
al. (2010). In particular, the studies of Daneliya, Kamaltynov, and Väinölä (2011) and
Gomanenko et al. (2005) about the population structure of Baikal deep-water and littoral
amphipod species based on COI gene sequence alignments served as a guide for the
analysis described in this thesis.
Multiple specimens of different species were collected across the lake to study the intra-
and inter-specific genetic diversity of endemic littoral amphipods. Four taxa were cho-
sen for this analysis: three Baikal littoral endemics belonging to the genus Eulimnogam-
marus and a Holarctic amphipod, Gammarus lacustris (see Figures 2.5 in page 13 and 4.1
in page 37). E. cyaneus, E. verrucosus, and E. vittatus are easily found across the lake, are
incredibly accessible for sampling, and have distinct morphological features and color-
ing that enable unambiguous species determination (Takhteev, 2000; Bazikalova, 1945);
G. lacustris was used as a comparison to the Baikalian species. Due to the fact that it does
not occur at the open shores of Baikal, but in sheltered shallow bays and water bodies
in its close vicinity (Takhteev, Berezina, Sidorov, et al., 2015; Takhteev, 2000), the ex-
change of individuals via active migration can be ruled out. Additionally, 18S ribosomal
RNA (rDNA) sequences from E. verrucosus specimens were compared to corroborate the
findings obtained with COI sequences for this species.1
4.2 Materials and Methods
4.2.1 Investigated Species
The Baikalian endemic amphipod species investigated (see Figure 4.1) – Eulimnogam-
marus (subgenus Philolimnogammarus Bazikalova) cyaneus (Dybowsky, 1874), E. verrucosus
(Gerstfeldt, 1858), and E. (subgenera Philolimnogammarus Bazikalova) vittatus (Dybowsky,
1874) – live between the pebble stones at the shore of Baikal and the Angara River (only
outflow of the lake) in water depths of 1 m, 12 m, and 30 m, respectively (Bazikalova,
1945; Veinberg and Kamaltynov, 1998; Bekman et al., 1998). In contrast, Gammarus lacus-
tris Sars, 1863 (see Figures 2.5 in page 13 and 4.1 in page 37), which is distributed across
the Holarctic Realm, is found in waters adjacent and even connected to Baikal but not
in the shore regions directly facing the open Baikal.
1The use of COI, 18S rDNA, or even ITS genes for discriminating populations/species was proposed
to the team by Lorena Rivarola-Duarte in August 2011 during the sampling campaign in Irkutsk, due to
her extensive laboratory experience in the matter gained at UNRC (Argentina) and UFMG (Brazil) during
2005–2011 working with bacteria, yeast and plants.
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All of these species are omnivorous and part of the benthic communities of the littoral
zone (Kravtsova et al., 2004; Bazikalova, 1945). The species identification for the col-
lected specimens was performed based on the keys described in Bazikalova (1945) and
Takhteev (2000). These species are neither endangered nor protected, and therefore spe-
cific permissions were not required at the time of sampling. All applicable international,
national, and institutional guidelines (like the EU Directive 2010/63/EU) for the care
and use of animals were followed.
Eulimnogammarus verrucosus (Eve)
It is the biggest from the species studied here with a body length in adults of 30-40 mm,
and up to 45 mm from telson to rostrum. Its typical color is black (along the caudal
edge of each body segment) with intermittent yellow or green stripes across the body
segments and antennae. The eyes are very slender, and the segments of the metasome
and urosome are armored by thorns (see Figure A.1 in page 123 for information about
body parts in amphipods). The karyotype is n = 26 (Salemaa and Kamaltynov, 1994a;
Salemaa and Kamaltynov, 1994b). Its reproduction period is from October-January to
May, when water temperatures are close to 0 ◦C (Bazikalova, 1941; Govorukhina, 2005).
In the summer months, only juveniles –more tolerant to low oxygen levels and high
temperature than adult stages (Shatilina et al., 2011; Bedulina et al., 2013)– inhabit the
shallow water close to shore, which can show substantial daily temperature fluctua-
tions; the thermo-sensitive adults with an experimental thermal preference of 5-6 ◦C
(Timofeyev, 2010), with oxygen levels above 9mg O2/l (Timofeyev and Shatilina, 2007),
generally migrate to deeper, cooler waters (Veinberg and Kamaltynov, 1998; Jakob et al.,
2016). See Table 4.1.
Eulimnogammarus vittatus (Evi)
The original description of this species (as Gammarus vittatus) defined its color as light
yellowish-green or light olive green with brownish stripes in the hind part of each seg-
ment (Dybowsky, 1874). Newer sources (Timoshkin, 2001a; Bedulina et al., 2014) note
that the live color of E. vittatus varies greatly as different shades of yellow, blue, and
green, with the dark stripes of the hind part of each segment being the common charac-
teristic of all color morphs (Drozdova et al., 2020). See Figure 4.1.
Its reproduction period is from November until June (Govorukhina, 2005). See Table
4.1. This species is thermo-sensitive with preferred water temperatures of 5-6 ◦C (Timo-
feyev, 2010). Like E. verrucosus, E. vittatus adults (with body lengths 18-20 mm) migrate
to deeper, cooler waters in the summer (Veinberg and Kamaltynov, 1998).
Eulimnogammarus cyaneus (Ecy)
The original description of the species (as Gammarus cyaneus) described its color as grey-
ish blue (schmutzig blau) (Dybowsky, 1874). The same epithet was reproduced when
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FIGURE 4.1: Species used for population genetics analysis.
Lake Baikal endemics: Eulimnogammarus verrucosus, E. vittatus three different
color morphs, E. cyaneus two distinct color morphs, and Gmelinoides fasciatus. Ho-
larctic species: Gammarus lacustris. Photos by Kseniya Vereshchagina and Polina
Drozdova, published on Drozdova et al. (2020) and Gurkov et al. (2019) under
Creative Commons Attribution License International (4.0). Adapted and re-designed
for this dissertation by Lorena Rivarola-Duarte (Individual photos were extracted
and re-ordered; species names were added).
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TABLE 4.1: Characteristics of the species studied. See Text for more details.
* These species present color morphs.
Species Body length Overall Reproduction Preferred ◦C
adults (mm) Coloring period temperature
Eve 30-40 black with green Oct/Jan-May (winter) 5-6
Evi* 18-20 yellow/blue/green Nov-Jun (winter) 5-6
Ecy* 11-15 blue May-Sep (summer) 11-12
Gla 20-25 beige/brown (summer) 15-16
the species was reassigned to the genus Eulimnogammarus (Bazikalova, 1945). A newer
source describes its color as ’continuous variation from sky blue to bluish-green, then
with orange-red antennae, and fully orange individuals.’ (Drozdova et al., 2020) For
this species, then, subspecific color morphs are known (Timoshkin, 2001b; Bedulina
et al., 2014) and can be seen in Figure 4.1. The ratio of different color morphs varies
along the coast, but precopulae exist in all possible variations, and the prevailing morph
was bluish-green with orange antennae (Timoshkin, 2001a). The body lengths of adults
are 11–15 mm, and their reproduction period is from May to September (Govorukhina,
2005). This thermo-tolerant species inhabits the upper littoral zone with temperature
fluctuations of up to 10 ◦C, with maximum temperatures of up to 25 ◦C (Bedulina et al.,
2013); the preferred temperature range is around 11-12 ◦C (Timofeyev, 2010). See Table
4.1.
Gammarus lacustris (Gla)
The body length of adults is 20-25 mm, and the reproduction period is in summer
(Takhteev, 2000). See Table 4.1. It is widespread in a variety of lentic (inhabiting still
water) ecosystems with different environmental conditions across the Holarctic. In the
Baikal region, this species is found in sheltered bays ("sors") and shallow ponds around
the lake. The preferred temperature of this thermo-tolerant species is 15-16 ◦C (Timo-
feyev, 2010).
Gmelinoides fasciatus (Gfa)
A gammaridean amphipod of Baikalian origin, which is also found in the basins of the
Angara River. This species was not sampled like the previous ones, but the literature
available about it and its genetic resources online were used for comparison purposes.
During the 1960s and 1970s, the Baikalian amphipod Gmelinoides fasciatus (Stebbing)
was intentionally introduced into more than 20 lakes and reservoirs outside its native
range in Siberia and European Russia in order to enhance fish production (Panov and
Berezina, 2002). In most cases, the native amphipods were completely replaced by G.
fasciatus, and a negative impact on other aquatic invertebrate species is also likely be-
cause of the direct predation by this species (Panov and Berezina, 2002). Studies of
Gmelinoides biology, including experimental estimation of its salinity and temperature
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resistance, showed that this invasive amphipod tolerates a wide range of environmen-
tal conditions and is, potentially, able to invade other parts of the Baltic Sea and inland
waters within its basin (Panov and Berezina, 2002).
4.2.2 Animal and Sampling Sites
Due to the name complexity of the sample sites and to make it easier for the reader, a
letter ID has been assigned to each location starting from A at the Angara River and
moving clockwise around the lake shore until W. Even a color code based on the results
obtained and shown later on this chapter has been assigned: A – P in yellow-orange for
western2, Q – S in red for eastern and T – W in blue for southern locations (see Figure
4.2 and Table 4.2).
Eulimnogammarus verrucosus, E. vittatus, and E. cyaneus specimens were obtained during
the sampling campaigns3 between 2011 and 2018 by kick-sampling in the littoral zone
of Lake Baikal at water depths of 0 - 1 m at overall 22 locations along the shorelines
around the lake, of Olkhon Island (western shore towards (G) Maloe More Strait and
(F) eastern shore towards open Baikal) and of (H) Bolshoy Ushkaniy Island (see Figure
4.2, Figure 4.3, Table 4.2, and Table A.1 in page 125). Distances between sampling sites
were from < 1 km to up to 600 km; the sampling locations on the (K) Pokoiniki Cap (see
Table A.1 in page 125), as well as at (B) Bolshie Koty4 Bay and (C) Warnachka Bay were
separated only by several hundred meters.
Eulimnogammarus verrucosus and E. cyaneus specimens were obtained from 20 and 16
sampling locations, respectively. Individuals from these two species were sampled re-
peatedly in different years at (B) Bolshie Koty Bay and (G) Maloe More Strait to ana-
lyze the respective populations’ genetic diversity over time (see Table A.1 in page 125).
Overall, 216 E. verrucosus and 155 E. cyaneus specimens were investigated (Table 4.2).
Eulimnogammarus vittatus individuals were obtained in 2017 from the sampling points
at (B) Bolshie Koty Bay, at (A) Listvyanka Bay and (U) Baikalsk city. A total of 22 indi-
viduals were examined (Table 4.2).
Gammarus lacustris was collected from a small and shallow artificial lake close to the
Bolshie Koty settlement ((D) Lake No 14); a location in the delta formed by the Upper
Angara and Kichera Rivers (Angarskiy Sor) close to the city of (P) Nizhneangarsk; and a
water body close to the (I) Onguryon settlement (see Figure 4.2; Table A.1 in page 125).
The number of investigated G. lacustris individuals was 32.
NOTE: the (I) Onguryon sampling points for G. lacustris and E. verrucosus / E. cyaneus
were not identical: the small pond where G. lacustris was obtained is only within a few
2Note: Bolshoy Ushkaniy Island (location (H)) would seem to be part of the eastern shore, but, if the
bathymetry (see Figure 4.3) is considered, it belongs to the Akademicheskiy Ridge.
3Sampling was done at Baikal, by Anton Gurkov and Daria Bedulina from the Irkutsk State University,
Lorena Rivarola-Duarte from Universität Leipzig and Till Luckenbach from UFZ Leipzig, with the help
from other members of the Russian team.
4The biological station is located in this town (Bolshie Koty).
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FIGURE 4.2: Sampling locations.
Major river inflows (Selenga River delta; Angarskiy Sor that comprises the con-
vergence of Upper Angara and Kichera Rivers; Sarma River delta) and the Angara
River outflow are depicted. The Akademicheskiy Ridge is an underwater shelf
separating basins in northern and central Baikal. See Figure 4.3 for the detailed
bathymetric chart of Lake Baikal. This map was initially published on Gurkov
et al. (2019) under Creative Commons Attribution License International (4.0). Modi-
fied by Lorena Rivarola-Duarte for this dissertation: addition of the letters to the
sample sites’ names.
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TABLE 4.2: Numbers of sampled amphipod specimens at the different sam-
pling sites at Lake Baikal and waters in its close vicinity (for G. lacustris). Refer
to the map in the Figure 4.2 for the geographical locations of the sites. Table pub-
lished in Gurkov et al. (2019) under Creative Commons Attribution License Inter-
national (4.0), modified for this dissertation (column ID included, sampling sites
rearranged, starting from A at the Angara River and moving clockwise around
the lake shore until W).
ID Sampling sites E. verrucosus E. cyaneus E. vittatus G. lacustris
A Listvyanka 11 6 6 -
B Bolshie Koty 31 19 9 -
C Warnachka 9 - - -
D Lake 14 - - - 11
E Ulan-Nur 3 8 - -
F Olkhon 8 - - -
G Maloe More 21 19 - -
H Bolshoy Ushkaniy 11 10 - -
I Onguryon, open Baikal 10 11 - -
I Onguryon, pond - - - 10
J Solontsovyi 11 2 - -
K Pokoiniki 6 10 - -
L Zavorotnaya 5 10 - -
M Kotelnikovskyi 10 3 - -
N Baikalskoe 11 10 - -
O Severobaikalsk 13 10 - -
P Nizhneangarsk - - - 11
Q Davsha 6 - - -
R Svyatoy Nos 11 10 - -
S Ust-Barguzin 6 - - -
T Kluevka - 8 - -
U Baikalsk 11 8 7 -
V Kultuk 12 - - -
W Port Baikal 10 11 - -
Total number of animals 216 155 22 32
meters from Baikal but not inhabited by Baikal amphipods; In contrast, the (I) Onguryon
sampling point at Baikal is inhabited by Baikal species, such as E. verrucosus and E.
cyaneus, but not by G. lacustris. Also, in (K) Pokoiniki, E. verrucosus and E. cyaneus were
obtained from two different places: Solnechnaya and shallow bay. However, it has been
denoted in the maps as only one place (see Table A.1).
Immediately after sampling, the amphipods were placed in 70 % ethanol for several
minutes, transferred to 99 % ethanol, and stored in liquid nitrogen. Before long-term
storage of samples at -80 ◦C, the ethanol was exchanged.
4.2.3 DNA Extraction, Primer Design, PCR and Sequencing
DNA was extracted from 50 mg of amphipod tissue (only extremities in the case of
larger species like E. verrucosus and E. vittatus, and about 2/3 of the whole body for
E. cyaneus and G. lacustris) using the DNeasy Blood & Tissue Kit (QIAGEN, Germany)
according to the manufacturer’s instructions. Polymerase chain reactions (PCR) were
performed with GoTaq Flexi DNA Polymerase (Promega, USA). For COI analysis, three
sets of primers were used:
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FIGURE 4.3: Bathymetric map of Lake Baikal.
The 3D map (above-left) shows in detail the Akademicheskiy Ridge separating
the northern and southern basins of Baikal. The water depths are shown in dif-
ferent shades of blue. Regions both slightly below and above the current water
level are indicated in light blue on the 3D map. Map obtained from De Batist
et al. (2006) under Creative Commons Attribution License (3.0). Figure published on
Gurkov et al. (2019) under Creative Commons Attribution License International (4.0).
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• Universal COI primers from Folmer et al. (1994) (F: HCO2198; R: LCO1490)
• Primers designed for COI based on the E. verrucosus mitochondrial genome pub-
lished by Rivarola-Duarte et al. (2014) (F: Eve_F1, Eve_F3; R: Eve_R1, Eve_R2,
Eve_R3)
• Primer designed for COI based on the G. duebeni mitochondrial genome JN704067.15
(F: Gdu_F2)
The primers were used in the following combinations:
• E. cyaneus: HCO2198/LCO1490
• E. verrucosus: HCO2198/LCO1490; Eve_F1/Eve_R1; Gdu_F2/Eve_R2;
Eve_F3/Eve_R3
• E. vittatus: HCO2198/LCO1490; Eve_F1/Eve_R1
• G. lacustris: Eve_F1/Eve_R2
The E. verrucosus 18S rDNA fragment was amplified with the primers 18SF and 18S700R
from Macdonald, Yampolsky, and Duffy (2005).
TABLE 4.3: Primers used for COI and 18S rDNA.









18S rDNA 18SF: CCTACTGGTTGATCCTGCCAGT
18S700R: CGCGGCTGCTGGCACCAGAC
The PCR products were purified with the GeneJET PCR Purification kit (Thermo Fisher
Scientific, USA) and sequenced in both directions with a Genetic Analyzer 3130xl se-
quencer (Applied Biosystems, USA) using standard cycle sequencing protocols (BigDye®
Terminator v3.1 Cycle Sequencing kit; Life Technologies, USA) with the respective COI/
18S rDNA PCR primers.6
5https://www.ncbi.nlm.nih.gov/nuccore/JN704067.1
6DNA extraction was performed at UFZ Leipzig: by Lorena Rivarola-Duarte from Universität Leipzig,
by Anton Gurkov from the Irkutsk State University, Irene Fernandez-Casas and Henrik Michael from
UFZ under the supervision of Lorena Rivarola-Duarte; and at Irkutsk State University, Russia, by Anna
Nazarova for the 18S rRNA experiments. The DNA primers EveF1,EveF3, EveR1, EveR2 and EveR3 were
designed by Lorena Rivarola-Duarte.
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4.2.4 Analysis of DNA Sequences
Part 1: Sequences Clean-up and Multiple Alignment
Forward and reverse sequences were assembled with DNADynamo (BlueTractorSoftware,
UK) to obtain COI consensus sequences for each individual. The COI sequences were
excluded if only one read was obtained per individual, if the overall quality was too
low or if the length after removing bad quality bases was below the length of the COI
sequence fragment that was used for the analysis: 603 bp Eve, 631bp Ecy, 640bp Evi, and
662bp Gla. Additionally, the primer bases were removed, and the remaining sequences
were trimmed to obtain a uniform length prior to the multiple alignment procedure with
ClustalW (Larkin et al., 2007). Available COI sequences of the endemic Baikal amphipod
Gmelinoides fasciatus (Stebbing, 1899) from Gomanenko et al. (2005) were included in the
COI sequence analysis (FJ715823.17 - FJ715903.18, FJ715905.19, FJ715919.110). Homology
of the COI sequences was confirmed by aligning them to the E. verrucosus COI gene
sequence KF690638.111, nucleotides 1634-3167.
Contrarily to the COI sequences, for the 18S rDNA analysis, single reads were included
in the comparison due to the low amount of specimens used. The Eve 18S rDNA se-
quences were trimmed to a length of 472 bp after going through all the preparation steps
described above for the COI sequences. For more information, please refer to Gurkov
et al. (2019).
Part 2: Genetic Distance Calculations
The percentage differences in nucleotides (Hamming dissimilarity, uncorrected) in COI
sequence fragments as a measure for genetic distances of specimens were calculated
in UGENE excluding the gaps if necessary. Possible species separation processes were
determined with Automatic Barcode Gap Discovery (ABGD) (Puillandre et al., 2012)
with default settings using the COI data of the four species. dN/dS ratios (number of
nonsynonymous substitutions per non-synonymous site to the number of synonymous
substitutions per synonymous site) were calculated for the obtained COI sequences plus
those of G. fasciatus in MEGA7 7.0.26 (Kumar, Stecher, and Tamura, 2016) using HyPhy
(Pond, Frost, and Muse, 2005) with the HKY85 model (determined using the internal
MEGA tool). dN and dS values were summarized for all complete codons of the COI
fragments to obtain the dN/dS ratio for each species.
Part 3: Codon Usage Bias
The effective number of codons (ENC), a metric of codon usage bias, was calculated with
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independently for E. verrucosus and E. cyaneus specimens from the western (region be-
tween (A) Listvyanka Bay and the city of (O) Severobaikalsk), southern (region between
the (T) Kluevka settlement and (W) Port Baikal) and eastern (region between the (Q)
Davsha Bay and (S) Ust-Barguzin settlement) sampling location areas to assess the rela-
tive effective population sizes of these species, as suggested previously by Carlini et al.
(2009). Statistical significance of differences in ENC within each species was assessed by
pairwise comparisons using the Mann-Whitney U test with the Hommel correction in R
(R Core Team, 2020). Inter-species comparisons of ENC values of amphipod specimens
from the sampling location areas were performed identically.
Part 4: Spatial Analysis of Molecular Variance
Spatial Analysis of MOlecular VAriance implemented in SAMOVA 2.0 by Dupanloup,
Schneider, and Excoffier (2002) was applied to identify groupings of E. verrucosus sam-
pling points along the west shore (from (A) Listvyanka to (O) Severobaikalsk) and E.
cyaneus sampling points across the entire Lake Baikal into genetically differentiated pop-
ulations. The analysis was run with 100 independent simulated annealing processes and
the number of geographic groupings from K = 2 to K = 8 for E. verrucosus and K = 2
to K = 15 for E. cyaneus; other options were set to the default values. The maximum
FCT index value resulting from SAMOVA with different K values generally indicates the
optimal number of groups K (Dupanloup, Schneider, and Excoffier, 2002).
Part 5: Phylogenetic Networks and Maps
The unrooted phylogenetic networks were built using SplitsTree4 4.14.6 (Huson and
Bryant, 2006) with default parameters (UncorrectedP, NeighborNet, EqualAngle) and
displayed using the phangorn package (Schliep, 2011) in R (R Core Team, 2020). To
produce the COI phylogenetic network, including all studied species, the alignment was
trimmed to match the shortest sequence fragment, which was that of E. verrucosus. The
corresponding geographical maps used in the figures 4.2, 4.5, 4.6 and 4.7 were prepared
using the R package Simple Features sf12 and cartographic data provided by Natural
Earth13 under Public Domain license14.
Part 6: Maximum-Likelihood Trees
The maximum-likelihood trees were built with IQ-TREE 1.6.10 (Nguyen et al., 2015)
with the substitution model auto-fitted with ModelFinder (Kalyaanamoorthy et al., 2017);
Shimodaira-Hasegawa approximate likelihood ratio test (aLRT) with 1000 bootstrap
replicates and a Bayesian-like transformation of aLRT (Anisimova et al., 2011). The
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4.2.5 Pair-Wise Comparison of Mutation Rates
Species-specific relative mutation rates within the studied COI fragment were compared
within the pairs E. cyaneus/E. verrucosus, and E. cyaneus/E. vittatus. The COI sequence
NC_026309.115 (nucleotides 1–1537) of the Baikal endemic amphipod Brachyuropus grew-
ingkii by Romanova et al. (2016) served as an outgroup (similar to the approach of
Tajima’s relative rate test). For this analysis, the COI sequences representing the vari-
ability in each cluster of haplotypes found in the phylogenetic networks with up to
ten sequences per each main haplogroup of all three Eulimnogammarus species were se-
lected.
Mutation rates were analyzed with BEAST 1.8.4 (Suchard et al., 2018) sequentially us-
ing the options "Strict clock" and "Fixed local clock" (relaxed molecular clock model al-
lowing different substitution rates in different taxa) using identical settings. Sequences
of each Eulimnogammarus species were assigned to the corresponding taxon, and all se-
quences of either E. verrucosus and E. cyaneus or E. vittatus and E. cyaneus together were
additionally assigned to the same taxon. The substitution model suggested by jModel-
Test (Darriba et al., 2012) was HKY85 set with empirical base frequencies and the gamma
site heterogeneity model with four gamma categories. The "Coalescent: Bayesian Sky-
line" model was used as a tree prior with ten groups and a piecewise-linear Skyline
model. The distribution of mutation rates was set to log-normal, and the chain length
was 10 000 000. The obtained effective sample sizes for parameters "likelihood" and
"treeLikelihood" visualized in Tracer 1.7.0 (Rambaut et al., 2018) were always higher
than 1000, and effective sample sizes of all mutation rates were over 180.
The plausibilities of the obtained models assuming strict or relaxed molecular clock
were compared using marginal likelihood estimation by path and stepping-stone sam-
pling methods also in BEAST. The number of path steps was set to 50, and the length of
the chain was 5 000 000. The effective sample size of "pathLikelihood.delta" was always
over 100 with these parameters. The Bayes factor between the probabilities of relaxed
and strict clock models (BFRS) was calculated as the e in power of difference between
obtained log marginal likelihoods.
4.2.6 Morphological Examinations
Detailed morphological examinations of E. verrucosus individuals from different sam-
pling sites were performed in 201816 with intact specimens stored in ethanol (from 2012,
2014, and 2018) based on the keys described by Bazikalova (1945) under a stereomicro-
scope (LOMO, Russia).
15https://www.ncbi.nlm.nih.gov/nuccore/NC_026309.1
16Morphological examinations were conducted in Irkutsk, by the Russian team from the Irkutsk State




All DNA sequences are available at https://www.ncbi.nlm.nih.gov/nuccore under
the accession numbers MK887363-MK887787 (COI) and MK880386-MK880398 (18S rDNA).
4.3 Results
4.3.1 Inter-specific COI Sequence Variability
Genetic distances (uncorrected Hamming dissimilarity) between the species analyzed:
• E. verrucosus and E. vittatus: 13-16 %
• E. verrucosus and E. cyaneus: 15-19 %
• E. verrucosus and G. lacustris: 20-23 %
• E. cyaneus and E. vittatus: 16-18 %
• E. cyaneus and G. lacustris: 20-23 %
• E. vittatus and G. lacustris: 21-22 %
Numbers of investigated specimens:
• E. verrucosus – 216 from 20 sampling sites
• E. cyaneus – 155 from 16 sampling sites
• E. vittatus – 22 from 3 sampling sites
• G. lacustris – 32 from 3 sampling sites
4.3.2 Intra-specific COI Sequence Variability
Part 1: Haplotype Patterns – Entire Lake Baikal
The phylogenetic network based on the COI sequences from all four amphipod species
shows considerable intra-specific variation for E. verrucosus and E. vittatus with clearly
separate haplogroups. In contrast, the COI sequences from E. cyaneus and G. lacus-
tris formed relatively tight clusters in this inter-specific phylogenetic network (see fig-
ures 4.4 in page 48 and A.3 in page 126). The maximal intra-specific genetic distances
within E. verrucosus and E. vittatus reached 13 % and 10 %, respectively, similar to the
inter-specific variation between these two species (see Figure 4.4). Genetic distances of
specimens within the separate clusters for those two species were 2–4 %. The genetic
distances of specimens within E. cyaneus and G. lacustris did not exceed 3 % and 2 %,
respectively. As a comparison, the intra-specific variability in G. fasciatus was calculated
based on the COI data from Gomanenko et al. (2005) and was 8 %.
The separate haplotype clusters of E. verrucosus and E. vittatus specimens revealed by
the phylogenetic networks based on the COI fragments coincide with different regions
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FIGURE 4.4: Inter-specific COI-based phylogenetic network
Based on the alignment of corresponding COI sequence fragments from the
four studied species, Eulimnogammarus verrucosus, E. vittatus, E. cyaneus, and
Gammarus lacustris. COI sequences from E. maackii (AY926663.1), E. viridulus
(AY926665.1), E. viridis (AY926664.1) from Macdonald, Yampolsky, and Duffy
(2005) and Brachyuropus grewingkii (NC_026309.1) from Romanova et al. (2016)
served as outgroups. The scale bar indicates the number of substitutions per
base pair. The asterisk designates a sample of G. lacustris (GU066811.1) from Yel-
lowstone Lake, USA (Lovalvo et al., 2010). Figure initially published on Gurkov
et al. (2019) under Creative Commons Attribution License International (4.0). The
maximum-likelihood tree constructed with these sequences can be seen in the
Figure A.3 in page 126.
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of sampling locations (see Figure 4.5). In contrast, the haplotypes of E. cyaneus speci-
mens did not depend on the geographical provenance of the samples (see Figure 4.5).
The three major E. verrucosus haplotype clusters can be allocated to specimens sam-
pled at western and north-western shores; eastern and north-eastern ones; and to the
southern parts of Baikal. The outflow of the Angara River in the southwest separates
the western and southern regions. Two other major geographical structures poten-
tially functioning as dispersal barriers are the Upper Angara and Kichera Rivers delta
(Angarskiy Sor) in the North separating the north-western and north-eastern regions
and the Selenga River delta in the South-East, the main water inflow of Lake Baikal,
separating the eastern and southern regions.
In the phylogenetic network for E. cyaneus, three main branches can be distinguished
(Figs. 4.5 and 4.6). Sequences from specimens from the southern region (sampling
points between (W) Port Baikal to the (T) Kluevka settlement) and the southern part of
the western region (bays at (A) Listvyanka at the northern riverside of the Angara River
and (B) Bolshie Koty) appear in all three clusters. Sequences from specimens from the
central part of the western region (sampling points: (E) Ulan-Nur Cape and (G) Maloe
More Strait) appear in the two large clusters. And sequences from specimens from the
entire northern half of Lake Baikal (sampling points from (I) Onguryon settlement to
(O) Severobaikalsk town in the western region, on the (R) Svyatoy Nos Peninsula on
the eastern shore and (H) Bolshoy Ushkaniy Island) appear only in the large upper clus-
ter (see Figure 4.5). Accordingly, the maximal genetic diversity of specimens from the
northern region was 2 %, slightly lower than for all E. cyaneus specimens from the entire
lake.
Analysis of the COI sequence alignments using SAMOVA did not indicate apparent
grouping of E. cyaneus sampling sites across the entire lake: FCT index showed no global
maximum; it gradually increased with increasing K (up to 15 groups). However, a local
FCT index maximum occurred at K = 3 (FCT = 0.3552; FCT = 0.3256 with K = 2, FCT =
0.3549 with K = 4) both with and without constraints for the geographic relations of the
locations. With K = 3, SAMOVA indicated the following groups: one associated with
the locations in the north region ((R) Svyatoy Nos, (H) Bolshoy Ushkaniy and from I
= Onguryon to (O) Severobaikalsk), one at the sampling points (U) Baikalsk and (T)
Kluevka in the south, and one associated with the sampling points from (W) Port Baikal
to (G) Maloe More at the west coast.
Part 2: Haplotype Patterns – Western Lake Baikal Region
Since specimens from the western region (from (A) Listvyanka bay to (O) Severobaikalsk
town, 500 km) were available from a comparatively high number of sampling points,
and the G. lacustris sampling points were spatially close to the most northern and most
southern Eulimnogammarus sampling points of the western region data for the respective
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FIGURE 4.5: Intra-specific COI-based phylogenetic networks: whole lake.
Based on DNA sequence comparisons of a COI fragment from amphipods en-
demic to Lake Baikal. Sampling locations of specimens from the different clusters
are indicated on the map as yellow, blue, and red circles. The scale bars indicate
the number of substitutions per base pair. Note different scales. E. vittatus net-
work includes the sequences AY926666.1 (separated branch in the upper cluster
of the network) by Macdonald, Yampolsky, and Duffy (2005) sampled close to (G)
Maloe More (western region) and NC_025564.1 (Romanova et al., 2014) sampled
close to (V) Kultuk (southern region). Figure originally published on Gurkov et
al. (2019) under Creative Commons Attribution License International (4.0).
4.3. Results 51
FIGURE 4.6: Intra-specific phylogenetic networks: western shore only.
Based on DNA sequence comparisons of a COI fragment from E. verrucosus, E.
cyaneus, and G. lacustris specimens from sampling points at the western shore of
Lake Baikal from the entire stretch from Listvyanka bay (northern shore of the An-
gara River outflow) up to Severobaikalsk and at Olkhon and Bolshoy Ushkaniy
islands (basically the yellow points in the Figure 4.5). The scale bars indicate
the number of substitutions per base pair (the scale is identical for all species).
G. lacustris network contains sequences from specimens from a pond on (F-G)
Olkhon Island (AY926671.1) by Macdonald, Yampolsky, and Duffy (2005); from
Xinjiang, China (JF965916.1) by Hou et al. (2011) and from Yellowstone Lake, USA
(GU066811.1) by Lovalvo et al. (2010). Figure originally published on Gurkov et
al. (2019) under Creative Commons Attribution License International (4.0).
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specimens were more closely examined and compared with the G. lacustris haplotype
data (see Figure 4.6).
The phylogenetic network with E. cyaneus haplotypes from this region of Lake Baikal
(see Figure 4.6) shows a structure and haplotype distribution equal to that when includ-
ing the haplotypes from the entire lake in the analysis (see Figure 4.5). The genetic dis-
tances among haplotypes from the western region and the whole lake are correspond-
ingly 3 %. For E. verrucosus, in contrast, the genetic distances between haplotypes from
the western region equal only 2 %, which is considerably less than the maximally 13 %
genetic distances when comparing the haplotypes across the entire lake.
The haplotypes of E. verrucosus and E. cyaneus specimens sampled in different years at
(B) Bolshie Koty bay and (G) Maloe More Strait were located at equal positions in the
phylogenetic networks indicating little migration activities of individuals of the differ-
ent haplotypes across the lake over the considered time.
The E. verrucosus haplotypes from the western region show the following structure (see
Figure 4.6): The haplotypes of individuals from the sampling points of the southern
part of the western shore ((A) Listvyanka, (B) Bolshie Koty, and (C) Warnachka) form a
tight cluster with no regional sub-clusters on the network. Haplotypes of E. verrucosus
specimens from (E) Ulan-Nur Cape (central Baikal) and both sampling points on (F–G)
Olkhon Island form a tight cluster which is close to a haplotype cluster of specimens
from (H) Bolshoy Ushkaniy Island; however, haplotypes of four individuals from (F–
G) Olkhon Island are identical to a haplotype sampled at (B) Bolshie Koty Bay. The
haplotypes of specimens sampled between the (I) Onguryon settlement to (O) Sever-
obaikalsk (the northern part of the western shore, north of the Sarma River delta) form
a sub-cluster slightly separated from the other western region haplotypes.
SAMOVA performed for these sampling locations confirmed the observed pattern (both
with and without constraint for the geographic relations of the locations). The FCT index
value reached a plateau (FCT = 0.776) at K = 4 clusters of sampling locations (FCT = 0.710
at K = 3, FCT = 0.777 at K = 5) although the absolute maximum value was found for
K = 6 (FCT = 0.781). With K = 4, the grouping along the west coast was the following:
(A) Listvyanka, (B) Bolshie Koty, (C) Warnachka; (E) Ulan-Nur, (F) Olkhon, (G) Maloe
More; (H) Bolshoy Ushkaniy; from (I) Onguryon to (O) Severobaikalsk. With K = 6, (F)
Olkhon and (I) Onguryon formed separate clusters.
In the comparison of G. lacustris COI sequence fragments, samples from three water
bodies along the western shore of Lake Baikal were included together with previously
obtained samples from a pond on F–G Olkhon Island and from a geographically dis-
tant water body in Xinjiang (China) and the Yellowstone Lake (USA) (see Figure 4.6).
The COI sequence from Xinjiang falls within the Baikal Region specimens cluster that
shows maximal genetic distances of 2 %. The sequence from the specimen from Yel-
lowstone Lake is more separate from the other sequences; with this sequence included,
the genetic variability within G. lacustris COI sequences was 4 %. In contrast to the
4.3. Results 53
Baikal amphipods, geographical patterns regarding distribution and relation of G. la-
custris haplotypes were not seen (see Figure 4.6).
4.3.3 Comparative Metrics for the COI Alignments
The comparison of dN/dS values demonstrated similar levels of stabilizing selection
for all analyzed species: 0.02 for E. verrucosus, approximately 0.04 for both E. vittatus
and E. cyaneus, and 0.06 for G. lacustris. For the littoral Baikalian amphipod G. fasciatus,
a dN/dS value of 0.12 using data from Gomanenko et al. (2005) was determined. Thus,
the variability in intra-specific genetic distances among different amphipod species of
the Baikal littoral zone cannot be related to any kind of positive selection on the level of
the translated protein.
For assessing relative effective population sizes, effective number of codons (ENC) val-
ues were determined. For the western, southern, and eastern sample groups of E. cya-
neus, ENC values ranged between 42.9–47.6 with an overall median of 44.6 and with
p-values bigger than 0.05, indicating no separation of populations across Baikal. For E.
verrucosus, the eastern sample group formed a population significantly different from
the western and southern sample groups (both p-values < 10-8) with ENC values rang-
ing from 44.8 to 48.8 with a median of 48.0. For the western and southern E. verrucosus
sample groups, ENC values with an overall range of 41.6–47.3 with a median of 44.1
were not significantly different (p-value = 0.49) and were similar to ENC values of the
western and southern E. cyaneus sample groups (both p-values = 0.63). Comparing the
eastern population of E. verrucosus with E. cyaneus inhabiting the same part of the lake
ENC values were also significantly different (p-value < 10-4), but this comparison might
be biased due to lower sampling coverage for E. cyaneus. This result indicates that E. ver-
rucosus and E. cyaneus have overall similar effective population sizes; the effective size
of the eastern E. verrucosus population, in contrast, might be smaller than for E. cyaneus
and for other populations of E. verrucosus (Carlini et al., 2009).
Analysis of the COI sequence data with ABGD indicated that the separate E. verrucosus
and E. vittatus haplotype clusters are on a species level (Fontaneto, Flot, and Tang, 2015);
a separation of subgroups into species was not seen within E. cyaneus. For G. lacustris, a
separation of two groups was indicated by ABGD; this is likely an artifact as the number
of sampling sites was low.
4.3.4 COI Mutation Rates within the Eulimnogammarus Species
Mutation rates within the COI fragment of E. cyaneus were compared with those of E.
verrucosus and E. vittatus. In comparison to E. cyaneus, the mutation rate was higher in
E. verrucosus as indicated by the relaxed clock coalescent model (1.443 vs. 1.005) and
lower in E. vittatus (0.934 vs. 1.225). However, in both pairs, the model comparison
demonstrated no need for rejecting the null hypothesis of equal substitution rates: evi-
dence for relaxed clock model in the pair E. verrucosus / E. cyaneus was anecdotal (path
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sampling BFRS = 1.6, stepping-stone sampling BFRS = 1.5) according to the system of
Jeffreys (1961) and in the pair E. vittatus / E. cyaneus the strict clock model has moderate
to strong evidence (path sampling BFRS = 0.10, stepping-stone sampling BFRS = 0.09).
Thus, it can be assumed that the three studied Eulimnogammarus species have identical
mutation rates.
4.3.5 Intra-specific 18S rDNA Sequence Variability of E. verrucosus
A different cellular marker was used: 18S ribosomal RNA of nuclear origin, instead
of mitochondrial origin like COI. E. verrucosus 18S rDNA sequences from specimens
isolated in (A) Listvyanka, (W) Port Baikal, and (R) Svyatoy Nos were compared. The
COI results of 3 different Eve haplotypes across the lake were confirmed by the 18S
rDNA sequences analysis, even when fewer specimens were used (see Figure 4.7).
4.3.6 Morphological Differences in E. verrucosus Specimens
Ethanol conserved E. verrucosus specimens from the sampling campaign in 2012 from
(A) Listvyanka, (B) Bolshie Koty, (G) Maloe More, (O) Severobaikalsk, (H) Bolshoy
Ushkaniy (western haplogroup), (W) Port Baikal, (U) Baikalsk (southern haplogroup),
and (R) Svyatoy Nos (eastern haplogroup) were closely examined at the morphological
level.17 Since only 5 individuals per site were available, additional specimens were col-
lected in 2018 in (A) Listvyanka (n > 50), (W) Port Baikal (n > 50) and (S) Ust-Barguzin
(n = 20). See Figure A.1 in page 123 for an amphipod´s body schematics. E. verru-
cosus species identification was done based on the following distinctive features by
Bazikalova (1945):
• (a) All segments of the metasome and urosome are dorsally covered with spines
on comb-shaped elevations and with numerous setae.
• (b) The antennae 1 are shorter than the body and longer than the antennae 2; the
peduncles of antennae 1 are shorter than the ones of the antennae 2.
• (c) The main segment of the lower antennae has individual setae and a group of
short spines on the lower frontal corner.
• (d) Subchelae of the second pair of gnatopods are shorter than the ones of the first
pair.
• (e) The basipodites of pereopod 5 are almost rectangular; the basipodites of pere-
opods 6 and 7 are narrow and pear-shaped, and their posterior margins are con-
cave and have no or a rudimentary lobe at the distal part (this feature is absent in
some specimens from (O) Severobaikalsk, (R) Svyatoy Nos and (S) Ust-Barguzin).
17Morphological analysis were conducted in Irkutsk, by the Russian team from the Irkutsk State Uni-
versity. Procedure and results included in this thesis as supporting information for the molecular analysis
findings.
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FIGURE 4.7: E. verrucosus 18S rDNA analysis results
Phylogenetic network (left) based on an 18S rDNA sequence fragment from spec-
imens obtained in the southern, western and eastern regions of Baikal and pho-
tographs of E. verrucosus specimens from each haplotype per respective sampling
points (right). Note the differences in the stripes shape on the close-up images
of the dorsal crest (the first three segments are displayed). The scale on the pho-
tographs of the entire specimens is identical; the sizes of the photographed in-
dividuals are not representative of the individuals of the respective haplotypes.
The scale bar of the network indicates the number of substitutions per base pair.
The network comprises the data from seven samples from the western (including
sequence AY926773.1) (Macdonald, Yampolsky, and Duffy, 2005), five samples
from the southern and two samples from the eastern regions of Lake Baikal. A
maximum-likelihood tree with these sequences can be seen in Figure 4.8. Figure
originally published on Gurkov et al. (2019) under Creative Commons Attribution
License International (4.0).
























FIGURE 4.8: E. verrucosus 18S rDNA-based maximum-likelihood tree.
Specimens from southern, western, and eastern regions of Baikal. Complemen-
tary to the Figure 4.7. 18S rDNA sequences of B. grewingkii (FJ752386.1) and
E. viridis (AY926774.1) were used as outgroups. The numbers at the nodes are
SH-aLRT bootstrap values and approximate Bayes posterior probabilities, respec-
tively. Figure originally published on Gurkov et al. (2019) under Creative Commons
Attribution License International (4.0).
• (f) The uropods 3 have a long, single-segment outer branch covered with short
spines and simple setae (instead of simple setae some specimens from the southern
and eastern sample groups from sampling points (H) Bolshoy Ushkaniy, (W) Port
Baikal, (U) Baikalsk and (R) Svyatoy Nos have pinnate setae); the inner branch is
ten times shorter than the outer branch.
• (g) The telson is separated up to the basis; the branches are heart-shaped and
covered by spines and setae at the terminal part.
Specimens from the eastern sample group (R–S) show two clearly distinct morpholog-
ical features not found in specimens from the other two haplotype clusters: (1) The
amounts of setae on the dorsal parts of the metasome and the urosome are evidently
lower in specimens from both (R) Svyatoy Nos and (S) Ust-Barguzin; (2) the black
stripes along the caudal edges of the body segments of the individuals from the east-
ern genetic group were intermittent at the dorsal crest but continuous in the specimens
from the other two haplogroups (see Figure 4.7). This feature could only be seen in in-
dividuals from (S) Ust-Barguzin but not in specimens from (R) Svyatoy Nos that were
unfortunately bleached during storage.
4.4 Discussion
The disturbances related to global change has been linked with the serious decline of
many species (Vitousek et al., 1997; Walther et al., 2002; Calderón, Garrabou, and Au-
relle, 2006). "Evaluation of the consequences of such disturbances requires estimation of
the connectivity between populations and the recovering abilities of affected species"
(Le Goff-Vitry, Rogers, and Baglow, 2004; Calderón, Garrabou, and Aurelle, 2006).
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"Such evaluation can be achieved indirectly via the estimation of gene flow at differ-
ent spatial scales" (Calderón, Garrabou, and Aurelle, 2006). For that, genetic markers
with suitable levels of polymorphism are required (Calderón, Garrabou, and Aurelle,
2006).
The study described in this chapter aimed to determine the degree of dispersal of in-
dividuals in the different regions of the lake and how intense the gene flow among
amphipods populations was, and if potential geographical barriers played a role. At
the sites where sampling was performed in subsequent years, the haplotype pattern at
the respective sampling points was found to be stable over time, indicating no rapid
gene flow due to migration of amphipods between haplogroup regions (please refer to
the section 4.3.2: "Intra-specific COI Sequence Variability" on page 47).
The constructed phylogenetic networks showed three different haplogroups for E. ver-
rucosus (western, eastern, and southern populations) and two haplogroups (western
and southern populations) for E. vittatus. The genetic distances between the different
haplogroups were as large as between different amphipod species (see Figure 4.4). The
western haplogroup of E. verrucosus showed further separation into at least four sub-
clusters. In contrast, the genetic structure across the sampled E. cyaneus individuals
was, in comparison, highly homogeneous. The maximal genetic distances among E.
verrucosus and E. vittatus individuals exceeded that within E. cyaneus by more than four
and three times, respectively (Figures 4.5 and 4.6). The genetic distances between G.
lacustris individuals were similar to those seen for E. cyaneus. The association of the E.
vittatus and E. verrucosus haplotype groups to separate populations as indicated by the
phylogenetic networks was further shown by the Automatic Barcode Gap Discovery
(ABGD) analysis. The inter-specific COI phylogenetic network showed in Figures 4.4
(and A.3 in page 126) confirmed the previously described phylogenetic relations of the
studied species (Naumenko et al., 2017; Macdonald, Yampolsky, and Duffy, 2005).
A clear separation of populations from different regions based on the COI gene frag-
ment was also shown for Gmelinoides fasciatus (Gomanenko et al., 2005), with a similar
geographical coverage as the Eulimnogammarus species analyzed here. However, the
intra-specific variability of the COI fragment of up to 8 % in G. fasciatus was 40 % and
20 % lower than that the values obtained for E. verrucosus and E. vittatus, respectively.
It is important to note that the E. verrucosus specimens sampled at the (H) Bolshoy
Ushkaniy Island matched the western haplotype cluster, although the island is geo-
graphically closer to the eastern shore. This could indicate that in the recent past, at the
Akademicheskiy Ridge (which separates the northern basin from the rest of Baikal) –
see Figures 4.2 and 4.3 – the water was much shallower, and/or strong currents were
not present, permitting the access to the island from the western shore for E. verruco-
sus. However, the access to the island from the eastern shore (e.g., (R) Svyatoy Nos
Peninsula) seems to be blocked by the open Baikal. Indeed, there are indications that
58 Chapter 4. Population Analysis
the Akademicheskiy Ridge was above the water surface until the Late Pleistocene –
approximately 100,000–150,000 years ago– (Mats et al., 2000). Thus, until that time,
the ridge could have provided a littoral habitat zone for E. verrucosus along which the
gene flow between the western shore and (H) Bolshoy Ushkaniy Island could have
been maintained. The evolutionary rates of mtDNA in different animal taxa were in-
dicated by studies, e.g., on the Drosophila obscura group (Gleason et al., 1997), and on
humans and chimpanzees (Thaler and Stoeckle, 2016) examining COI sequences differ-
ences. Based on those studies, a separation between of E. verrucosus from the west coast
and from (H) Bolshoy Ushkaniy Island 150,000 years ago should result in a genetic di-
vergence of < 1%, which would be in agreement with the data observed here.
Mashiko et al. (2000) indicated a separation of E. cyaneus populations inhabiting the
northern and southern regions of Baikal based on allozyme analysis. The data presented
here partially support this observation by demonstrating that the COI haplotype diver-
sity in E. cyaneus from the northern regions of Lake Baikal is lower (2%) than for the
entire lake (3%). This might also be indicated by the SAMOVA results with k=3. How-
ever, the separation of the group of the sampling points (U) Baikalsk and (T) Klueva
does not agree with the allozyme data. The differences in the results from Mashiko
et al. (2000) and the findings here indicate that the COI sequences are more conserved
than the allozymes examined in Mashiko et al. (2000) and therefore less sensitive for
indicating separation of populations (at least for E. cyaneus).
The intra-specific genetic diversity of G. lacustris (2%) specimens from the Baikal region
was considerably lower than the numbers obtained for the Eulimnogammarus species
(3% Ecy, 13% Eve, and 10% Evi), and there was no association of haplotypes with geo-
graphic regions. This species is known to be distributed via passive migration of indi-
viduals, e.g., by dispersal via waterbirds (Figuerola and Green, 2002; Rachalewski et al.,
2013). The haplotype patterns of G. lacustris specimens observed here might mirror re-
cent random dispersal of the species, e.g., by birds, from southern water bodies to the
north ones. Additionally, the low heterogeneity of sequences in each of the studied wa-
ter bodies and the clearly distinct haplotype patterns in each sampling site (see Figure
4.6) indicate an infrequent exchange of G. lacustris among the studied sites.
Cryptic species have been described for amphipods in Lake Ohrid in North Macedonia
and Albania (Grabowski, Wysocka, and Mamos, 2017), another ancient lake. A high
degree of intra-specific genetic differentiation within one species, on the other hand,
was found on a small geographical scale for the amphipod species Gammarus fossarum
that is widely distributed (Weiss and Leese, 2016).
4.4.1 Cryptic (Sub)Species?
Eulimnogammarus verrucosus specimens from the different regional haplotypes showed
some differences in morphology, such as different amounts of setae on the dorsal parts
of the metasome and the urosome, and in coloring, such as continuous or intermittent
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black stripes along the caudal edges of the body segments (see Figure 4.7 and section
Morphological Differences in E. verrucosus Specimens on page 54). However, the speci-
mens from the different haplogroups still could be assigned to this species based on their
morphological characteristics. Furthermore, the habitats in the different regions where
the specimens were sampled were similar, and it can be assumed that their respective
ecological roles are equal. Yet, the genetic differences between specimens from the dif-
ferent regions were as large as between species. The ABGD analyses confirmed that
the degree of separation of the different haplogroups was indeed on the species level.
For amphipod species of the genus Gammarus, a threshold of 3% genetic divergence of
COI sequences was suggested by Costa et al. (2007) to be applied as an indication of
separate species. Therefore 13% and 10% genetic divergence in E. verrucosus and E. vit-
tatus, respectively, would indicate a species status for the different haplogroups. On
the other hand, when the occurrence of mating of individuals was used as a criterion
for distinguishing between amphipod species, a "species" comprised greater genetic di-
vergences of individuals. Mating of amphipod individuals from different molecular
operational taxonomic units (MOTUs) took place when genetic divergences were up to
21.5% (Sutherland, Hogg, and Waas, 2009) and 16% (Lagrue et al., 2014). Thus, whether
the location-specific E. verrucosus and E. vittatus haplogroups are distinct species can at
this point not be determined. However, the data indicate that the species "E. verrucosus"
and "E. vittatus" comprise at least three and two, respectively, cryptic (sub)species each
and the species names represent complexes of similar, separated (sub)species that kept
corresponding ecological and similar morphological characteristics. Further analyses
of molecular data, such as multi-locus/whole-genome sequencing and/or experimen-
tal evidence for the capability of reproduction of individuals across haplotypes, would
indicate whether individuals from the different haplogroups indeed belong to different
species.
The separation into geographical subgroups within E. verrucosus as indicated by 18S
rDNA sequence comparison (in concordance with the COI results), can be seen as a
further indication of ongoing speciation (Wu, Xiong, and Yu, 2015). The mutation rate of
mitochondrial DNA is known to be about one order of magnitude above that of nuclear
DNA (Bar-Yaacov, Blumberg, and Mishmar, 2012): the maximum sequence differences
of 13% for COI and 0.9% for 18S rDNA in E. verrucosus are within the known mutation
rates.
A high level of intra-specific divergences was also indicated by differences of COI se-
quences found for deep-water amphipod species from Baikal (Daneliya, Kamaltynov,
and Väinölä, 2011). In a recent study exploring the phylogeny of the Baikalian amphi-
pod fauna based on partial transcriptomes of 64 species, high intra-specific diversity
was indicated by sequence differences between individuals of certain species from dif-
ferent sampling points (Naumenko et al., 2017).
A high level of cryptic speciation in Lake Baikal amphipods was hypothesized by Väinölä
and Kamaltynov (1999) which is also indicated by the data here.
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4.4.2 Rivers as Dispersal Barriers in Baikal
The evidence obtained here indicates that certain geographical structures/features form
insurmountable dispersal barriers for E. verrucosus and E. vittatus:
• the outflow of the Angara River in the southwest. The Angara River is about 1 km
wide (distance between the sampling points (A) Lystvyanka and (W) Port Baikal)
with a water flow of at least 1-2 m/s and a maximal water depth of about 5 m
which might preclude the crossing of the Angara River outflow by the amphipods.
• presumably, the Angarskiy Sor in the north and the Selenga River delta in the
southeast (refer to maps in Figures 4.2 and 4.3). The Angarskiy Sor and the Se-
lenga River delta are at their transitions into Baikal approximately 20 km and 50
km wide, respectively. Their waters differ in characteristics to the water of Baikal;
they are eutrophic to a much greater extent (Yoshioka et al., 2002; Ueno et al., 2005;
Sorokovikova et al., 2009) and the sandy areas where the waters of the inflowing
rivers and Baikal intermix might be unsuitable habitats for the littoral Baikal am-
phipod species.
• the Sarma River delta might, to some degree, separate E. verrucosus haplotypes
from the shoreline in the region between the (I) Onguryon settlement and (O)
Severobaikalsk on the northern part of the western shore from the other haplo-
types from the western shore (see Figure 4.6)
4.4.3 Intraspecific Genetic Diversity in Eulimnogammarus Species
The distinct haplotype clusters and considerable genetic diversity within E. verrucosus
and E. vittatus in contrast to E. cyaneus were unexpected. On the one hand, Eulimnogam-
marus cyaneus is phylogenetically more ancient than E. verrucosus and E. vittatus accord-
ing to Romanova et al. (2016) and Naumenko et al. (2017). Therefore the time for E.
verrucosus and E. vittatus to evolve into distinct haplotypes was shorter than for E. cya-
neus. With this information in mind, it would seem more reasonable that E. cyaneus
would show comparatively greater intra-specific genetic diversity. On the other hand,
E. cyaneus inhabits a comparatively narrow shore strip with relatively shallow water
close to the shoreline (Veinberg and Kamaltynov, 1998), so it might be expected that
smaller geographical structures, like boulders, at the shoreline could act as dispersal
barriers confining distinct populations of this species, but not of E. verrucosus and E.
vittatus. However, the results showed exactly the opposite. Apart from the dispersal
and migration strategies (important for gene flow between populations), the observed
differences in the genetic structures between the Eulimnogammarus species might also
be due to factors related to mutation, selection, and genetic drift (Wang, Santiago, and
Caballero, 2016).
The comparison of coalescent models assuming strict or relaxed molecular clocks shows
no difference in the mutation rate within the species pairs E. verrucosus / E. cyaneus and
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E. vittatus / E. cyaneus. The dN/dS values show that the analyzed COI fragment is under
equal purifying selection in the three Eulimnogammarus species. The comparison of ENC
values indicates that E. verrucosus and E. cyaneus have similar effective population sizes,
so genetic drift within populations of these species should also be similar. This indicates
that the relative COI homogeneity of E. cyaneus compared to E. verrucosus and E. vittatus
is due to species-specific adaptations to current or very recent conditions of Baikal, e.g.,
shoreline structures related to different water levels of the lake (Mats, Shcherbakov, and
Efimova, 2011), enabling undisrupted gene flow of E. cyaneus across Baikal.
Dispersal and therefore gene flow of Baikal amphipod species might be related to the
species-specific range of environmental conditions, such as temperature, oxygen levels,
water chemistry, etc., that can be tolerated. Thus, E. cyaneus is considerably more tol-
erant to adverse environmental conditions than E. verrucosus and E. vittatus (which are
adapted to a comparatively narrower range of abiotic circumstances) (Timofeyev, 2010;
Bedulina et al., 2013; Protopopova et al., 2014; Jakob et al., 2016). The narrower window
of environmental conditions (for example, temperature) tolerated by E. verrucosus and E.
vittatus might preclude their dispersal along an environmental condition gradient that
will not act as a dispersal barrier for E. cyaneus.
The differences in the dispersal patterns of the studied Eulimnogammarus species across
Baikal might be related to species-specific migration habits. Thus, the habitat of E. cya-
neus is a strip of shallow water along the water edge forcing the species to migrate
horizontally, resulting in higher dispersal and connectivity of E. cyaneus populations,
whereas E. verrucosus and E. vittatus inhabiting a wider range of water depths might
tend to migrate vertically rather than horizontally (Jakob et al., 2016). Furthermore, as it
inhabits shallow water, E. cyaneus is in close contact with the ice cover in winter, which
might act as a corridor for migration along the shoreline. The dispersal of E. cyaneus via
waterbirds might also be assumed, but it seems unlikely as the population genetics data
for G. lacustris suggest that such passive migration of amphipods is rare in the region
and might not result in the homogeneous haplotype distribution seen for E. cyaneus.
4.4.4 Time of Separation of E. verrucosus Haplogroups
The observed intra-specific differences of the COI sequences can be used as an estimate
for the time of separation of the different haplogroups. Commonly, the estimate for
the COI divergence rate per one million years is 2-3 %, while for deep-water Baikal
amphipods was assumed to be roughly five-fold higher (Daneliya, Kamaltynov, and
Väinölä, 2011). A generally five-fold elevated rate of speciation of Baikal amphipods, in
comparison with the non-Baikal amphipod taxon Gammaridae was suggested by Nau-
menko et al. (2017). Thus roughly assuming a COI mutation rate of 10-15 % per 1 million
years, the different genetic groups within E. verrucosus were separated, then, for 1 mil-
lion years.
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4.5 Conclusions
The data provide the first clear evidence for the formation of cryptic (sub)species within
endemic littoral amphipod species of Lake Baikal and mark the inflows/outflow of
large rivers as dispersal barriers. Under the precondition that littoral species were
distributed across the entire lake, interruptions of the littoral habitat (such as river in-
flows/outflows) are sufficient for E. verrucosus and E. vittatus (that are narrowly adapted
to certain environmental conditions) to form genetically separate populations and even-
tually separate species. On the contrary, E. cyaneus, another littoral amphipod, is or was
recently able to maintain gene flow across the lake enabled by species-specific behav-
ioral and/or physiological adaptations.
4.6 Scientific Output Associated with this Chapter
The content in this chapter is an updated and rewritten version of the article:
• "Indication of ongoing amphipod speciation in Lake Baikal by genetic struc-
tures within endemic species" in BMC Evolutionary Biology by Gurkov et al.
(2019) with Anton Gurkov and Lorena Rivarola-Duarte as joined first authors.
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5.1 Introduction
As pointed out in the Chapter 2: "Biological Background", Holarctic species like Gam-
marus lacustris inhabits Baikal shallow-water gulfs but not the open Baikal. At the
same time, Baikalian amphipods are typically not found in the ponds in the vicinity
of the lake. This behavior has been called "immiscibility barrier" by Takhteev, Berezina,
Sidorov, et al. (2015) and by Timoshkin (2001a).
This study aimed to obtain insights into why the Lake Baikal endemic species out-
compete the non-Baikal species at Lake Baikal conditions. The peculiarities of Lake
Baikal water (as described in Chapter 2) might require particular adaptations of aquatic
species. Currently, Baikal water is generally highly pristine. However, global warming
and anthropogenic pollution, e.g., with heavy metals, can change the environmental
condition of the Baikal littoral zone. The Lake Baikal endemics might, therefore, be par-
ticularly sensitive to chemical water contamination, since they are, in principle, not used
to it. These changes in the water might even provide a competitive advantage to non-
Baikal species less sensitive to chemicals in the water, facilitating these species’ invasion
into the lake. As the small water bodies, where Holarctic species live, do not present sta-
ble conditions like Baikal, G. lacustris should have evolved mechanisms to handle those
changing conditions. At the same time, Baikalian species, which evolved under stable
conditions for millions of years, might have lost components of the energy-demanding
mechanisms of the stress responses, have lower expression of the genes under non-stress
conditions, or slower induction of stress responses.
The Baikal endemic gammarids Eulimnogammarus verrucosus (Gerstfeldt, 1858) and E. cya-
neus (Dybowsky, 1874) inhabit the upper littoral of the lake, the potential invasion site
of G. lacustris. Therefore a comparison of their stress response systems was particularly
relevant (Jakob et al., 2016). For this reason, the gammarids response to chemical and
temperature stress at Lake Baikal water conditions was explored. It was interesting to
see if there are specific molecular adaptations that could provide an advantage to G.
lacustris over the Eulimnogammarus species in the changing environment.
For that purpose, the individuals of all species were acclimated to Baikal conditions
(pristine Baikal water at 6°C) and subsequently subjected to species-specific elevated
temperatures or cadmium chloride concentrations causing the death of 10% of individ-
uals for a short term period (3–24 hrs). The comparison of changes in the transcriptional
profiles revealed that Baikal species possess more pronounced responses to these stres-
sors than the Holarctic ones acclimated to the same conditions. Interestingly, the LT10
can be easily reached in the shallow littoral of Baikal during summer time (Timoshkin
et al., 2017).
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5.2 Materials and Methods
5.2.1 Experimental Design
Three species were used in this analysis: Eulimnogammarus verrucosus (Gerstfeldt, 1858)
and Eulimnogammarus cyaneus (Dybowsky, 1874), amphipod species endemic to Lake
Baikal, and Gammarus lacustris Sars 1863, which inhabits various water bodies through-
out the Northern hemisphere (Takhteev, Berezina, Sidorov, et al., 2015) in the Holarctic
Realm. The amphipods were collected in August and early September 20131 with a
hand net at depths of 0.5–1.5 m. Eulimnogammarus sp. individuals were collected in the
Baikal littoral near Bolshie Koty (B) with water temperatures at the moment of sampling
between 12–16◦C, while G. lacustris individuals were collected at Lake 14 (D) (near Bol-
shie Koty) with temperatures between 10–12 °C. The sampling site at Bolshie Koty (B)
is part of the beach zone according to underwater landscape zoning (Kravtsova et al.,
2004), which is characterized by algae-covered boulders and intensive hydrodynamics;
while the Lake 14 (D), a eutrophic pond 2 km away from Lake Baikal, is connected to
a backwater of Bolshie Koty river and supplied by groundwater. For more information
about locations see Figure 4.2 on page 40 and Table A.1 on page 125.
Animal incubations were performed in the Institute of Biology at Irkutsk State Univer-
sity (Irkutsk, Russia) in September 2013. The amphipods were transported to the labora-
tory in insulated boxes, sorted under temperature-controlled conditions, and kept in 2-L
tanks (high-density polypropylene of food-grade quality or glass) filled with continu-
ously aerated water from Lake Baikal for one week for acclimation with the temperature
set to 6±1◦C, which is the average temperature of the littoral of Lake Baikal (Falkner
et al., 1991; Yoshioka et al., 2002; Axenov-Gribanov et al., 2016). During acclimation,
the amphipods were fed ad libitum with a mix of dead amphipods, algae, water plants,
and detritus collected in the Baikal littoral (frozen, air-dried at ∼ 30◦C and roughly
mortared). The water was exchanged every three to four days. Small clean pebbles on
the tank bottoms served to provide shelter to the animals. Direct light was prevented in
the tanks by opening the incubators only at dimmed light in the lab. No mortality was
observed during acclimation.
The lethal temperatures were determined by incubating ten individuals of each species,
sampled at the same time in thermally insulated aquaria with well-aerated Baikal water
at a temperature range from 20 to 29◦C with one-degree increment. Three indepen-
dent replicates, i.e., aquaria containing ten individuals, were used for each species and
temperature, except for the two cases of extreme temperatures (E. verrucosus) at 27◦C
and G. lacustris at 28◦C with two replicates each. The lethality was recorded after 24 h,
and the regression analysis was carried out in GraphPad Prism 7.0a with the Weibull
1Sampling during the year 2013 at Baikal, acclimation, and lethal temperature determination was done
by the Russian team from the Irkutsk State University, and Lena Jakob from the Alfred Wegener Institute
(AWI).
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model. LT10 values were calculated according to the regression mortality curve for each
species.
Parallel controls were kept at 6◦C (acclimation temperature) in clean Baikal water. Ex-
perimental individuals were exposed to the calculated LT10 temperatures or in water
with either of the tested substances. These substances included Cadmium Chloride
CdCl2 in the final concentration of 2.9, 3.7, or 3.2 µM, which corresponded to 24-hLC10
(Protopopova, Pavlichenko, and Luckenbach, 2019), acetone (0.1%) or phenanthrene (1
mg/L, dissolved in acetone; final concentration of acetone 0.1%). After 3 or 24 hrs of
exposure, as indicated, the animals were quickly frozen in liquid nitrogen. In addition,
groups of animals were kept at constantly rising temperature (0.8◦C/day) from 6 to
24.4◦C and frozen at 12.4, 18 and 24.4◦C with parallel control groups kept at 6◦C un-
der the whole time of the experiment. Three to four biological replicates (animals from
different aquaria) were analyzed for each species and condition combination (control,
LT10, or cadmium treatment). Besides, the water after 24 h Cd treatment was preserved
by freezing (−20◦C), and the amount of Cd in the water was later measured by in-
ductively coupled plasma mass spectrometry using an Agilent 7700 mass spectrometer
(Agilent Technologies) in two replicates for each species. The average concentration of
Cd measured at the end of the exposure was never below 75% of the nominal concen-
tration at the beginning of the exposure (2.2 vs. 2.9, 3.1 vs. 3.7, and 2.5 vs. 3.2 µM for
the measured and nominal concentrations for E. verrucosus, E. cyaneus, and G. lacustris,
respectively).
All applicable international, national, and institutional guidelines (like the EU Directive
2010/63/EU) for the care and use of animals were followed. The study was approved
by the Animal Subjects Research Committee of the Institute of Biology at Irkutsk State
University.
5.2.2 RNA High Throughput Sequencing
Total RNA for sequencing was extracted from single individuals of E. verrucosus, a pool
of four to five individuals in the case of E. cyaneus (up to 700 mg) or pools of three indi-
viduals of G. lacustris. Frozen amphipods were homogenized in 1 ml of Qiazol Reagent
(QIAGEN) using an MM400 homogenizer (Retsch). RNA isolation from the aqueous
phases was performed using a Qiacube (QIAGEN) with the miRNeasy kit (QIAGEN).
mRNA enrichment was performed with the Oligotex mRNA Mini Kit (QIAGEN). RNA
quality control was performed with the RNA 6000 Nano Kit on an Agilent Bioanalyzer
2100. mRNA libraries were prepared with the ScriptSeqTM v2 RNA-Seq Library Prepa-
ration Kit (Epicentre, # SSV21124) and sequenced with Illumina HiSeq2000 (48 samples
per lane)2. Three to four replicates for each species and condition were sequenced (ap-
proximately 30 million 2 × 100-bp reads per sample).
2RNA extraction and RNAseq library preparation for setting laboratory techniques was done in 2011-
2012 by Lorena Rivarola Duarte and Stephan Schreiber at IZI Fraunhofer Institute for Cell Therapy and
Immunology in Leipzig. RNA extraction and RNAseq library preparation in 2013-2014 was conducted by
Daria Bedulina and Stephan Schreiber at IZI and UFZ in Leipzig.
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Raw sequencing data, assemblies, as well as differential expression information, can be
found under NCBI BioProject accession PRJNA5052333, under SRA Experiments, Nu-
cleotide (TSA master), and GEO DataSets, respectively.
5.2.3 Read Quality Control and de novo Transcriptome Assembly
Quality control for the reads was performed with FastQC v0.11.5 (Andrews, 2017), and
results were summarized with MultiQC v1.2 (Ewels et al., 2016). See Figure B.1 in page
127. Illumina universal adapter sequence (TruSeq3-PE) was found at the end of up to
10–20% sequences, probably because the insert was below the expected length. These
adapter sequences were trimmed with Trim Galore v0.4.1 (Krueger, n.d.) or directly
with Trimmomatic (Bolger, Lohse, and Usadel, 2014) inside of Trinity-v2.5.1. More-
over, up to approximately 27% of the forward reads and about 20% of the reverse reads
were assigned to over-represented sequences (see Figure B.6 in page 132). These ones
were analyzed with the NCBI BLAST web interface (Johnson et al., 2008) and assigned to
ribosomal RNA sequences. To filter out these sequences, a custom database of rRNA se-
quences of gammarid amphipods was created4. All reads were aligned to this database
with bowtie2 v2.1.0 (Langmead and Salzberg, 2012) with the very-sensitive-local
parameter enabled, and the clean reads (e.g., those not aligned to any ribosomal RNA se-
quence) were dumped into new files with the un-conc-gz option. At the next step, the
clean reads were subjected to read error correction with RCorrector (Song and Florea,
2015), cloned from Github on Dec 18th, 2017. Finally, de novo transcriptome assemblies
were performed with Trinity v2.4.0 and Trinity-v2.5.1 (Grabherr et al., 2011) with
the SS_lib_type FR parameter enabled to utilize the strand specificity of the libraries.5
Technical characteristics of the assemblies are shown in the Table B.1 in page 133. These
assemblies were named with the first letter of the genus, two letters of the species name,
conditions used (B = control/blank, Cd = Cadmium, T = Temperature increase and P =
Phenanthrene) and ’all’ (e.g., EveBCdTP1_all). Transcriptome assemblies were based on
16–18 samples for each species multiplexed over all the lanes of four Illumina flow cells.
5.2.4 Assembly Quality Control, Annotation, and Filtering
Quality control of the assemblies was performed with TransRate v1.0.3 (Smith-Unna
et al., 2016). Assembly completeness was estimated with the open-source software
BUSCO v3.0.2 Benchmarking Universal Single-Copy Orthologs by Simão et al. (2015), a
measure for quantitative assessment of genome assembly and annotation completeness
based on evolutionarily informed expectations of gene content. Each transcript was




5The processing of the NGS data, de novo transcriptome assembly, annotation and differential gene
expression were done separately and independently by Lorena Rivarola-Duarte at Helmholtz Zentrum
München and by Polina Drozdova at Irkutsk State University, with slightly different tools and versions,
and then compared.
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v0.9.10.111 and v0.9.14.115 (Buchfink, Xie, and Huson, 2014) against the NCBI non-
redundant protein sequence database (Oct 10th, 2017). In this way, the best protein hit for
transcripts (contigs) was assigned, and also taxonomic assignations based on this best
hit were provided. Then, redundant sequences were removed with the Evidentialgene
pipeline (Gilbert, 2019). Only the contigs with the best diamond hit to a sequence be-
longing to a metazoan species were selected. This reduced data set was labeled with
ani (e.g., EveBCdTP1_ani; see Figure 5.1 A) and served as references for mapping reads
in the differential expression analysis. Additional annotation, including GO terms map-
ping with Blast2GO (Conesa et al., 2005), was performed with the FunctionAnnotator
web server (Chen et al., 2017).
5.2.5 Differential Expression
Transcript quantification was performed with Salmon v0.9.1 (Patro et al., 2017) and
Kallisto 0.43.1 (Bray et al., 2016), and subsequent analysis were performed with
DESeq2 v1.14.1 (Love, Huber, and Anders, 2014) and tximport v1.2.0 (Soneson, Love,
and Robinson, 2015) packages for R (R Core Team, 2020). The p-values were adjusted
according to the procedure by Benjamini and Hochberg (1995), which is the default
option in DESeq2 (Love, Huber, and Anders, 2014). Only transcripts with the adjusted
p-value below 0.001 and the absolute logarithm of fold change above 3 (i.e., 8-fold differ-
ence) were considered differentially expressed unless stated otherwise. GO term over-
representation analysis was implemented with the TopGO v2.34.0 package (Alexa and
Rahnenführer, 2009) for R.
NOTE: The results of acetone, phenanthrene, and constantly rising temperature expo-
sures were used to obtain de novo transcriptome assemblies, but only the differential
expression analysis for the acute temperature and Cadmium exposures were analyzed
by the author of this thesis. Nevertheless, the transcriptome assemblies produced for
the three species proved to be extremely helpful: they were used for searching specific
protein-coding genes known to be involved in cellular stress responses, like Hsp/Hsc70,
for example, as well as for primer design for quantitative PCR assays (Drozdova et al.,
2019b; Shatilina et al., 2020; Jakob et al., 2021).
In the studies by Jakob et al. (2021), the coding sequences of the genes of interest6
used for primer design and consecutive mRNA expression quantification were derived
from the assembled transcriptomes of E. verrucosus, E. cyaneus, and G. lacustris. A
small database with the sequences from the closest taxa available (Amphipoda, Crus-
tacea, Arthropoda, Insecta, among others) for each gene in this study was constructed.
This database was used as a query against the transcriptome assemblies using TBLASTX
(NCBI). The best ten to 15 hits for each gene were assembled with CAP3 (Huang and
Madan, 1999). Assembled contigs were validated using BLAST against the complete
6Citrate synthase CISY, Cytochrome c oxidase subunit IV and II COX4 COX2, Glutamate dehydrogenase
1 GLUD1 (mitochondrial), Trifunctional enzyme subunit alpha (mitochondrial, includes: 3-hydroxyacyl-
CoA dehydrogenase) ECHA, Lactate dehydrogenase A chain LDH-A (muscle isoform), Pyruvate kinase
PKM (muscle isoform), Actin ACT, and Glyceraldehyde-3-phosphate dehydrogenase G3P.
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NCBI database to reduce spurious gene assemblies. Finally, one or a few (isoforms)
consensus sequences were obtained for each gene of interest and used for primer de-
sign.
In the paper by Drozdova et al. (2019b), all transcripts produced by de novo assembly
were aligned with blastx28 v2.2.28 to the Hsp70b protein sequences previously iden-
tified –AEX65805 for E. verrucosus and AEX65807 for E. cyaneus– (Protopopova et al.,
2014) and used as reference sequences. Only transcripts with the best hit to heat shock
protein 70/71 from some metazoan species with calculated p-values (155 E. verrucosus
transcripts and 108 E. cyaneus transcripts) were selected for subsequent analysis.
And finally, in the article by Shatilina et al. (2020), the de novo assemblies were used
as references for differential expression analysis in phenanthrene / acetone exposure
experiments with the three amphipod species already described in this chapter.
5.3 Results
5.3.1 Transcriptome Assemblies
Prior to the analysis of transcript levels, de novo transcriptome assemblies for each of the
species were performed. The libraries obtained from each type of conditions (controls
and treatments) were included to account for the condition-specific transcripts. The
assemblies statistics can be seen in Table B.1 on page 133.
Each transcript was annotated, and its expression was quantified (see Figure 5.1 A).
This method reliably identified and taxonomically assigned 25% of the transcripts. For
a gross proportion of the translated transcripts, about 10% of the different transcript se-
quences and about 25% of the overall expression, the closest matches were metazoan
proteins. Thus, these transcripts can be considered to be originated from gammarid
genomes. A considerable amount of annotated transcripts, about 5-10% of all transcripts
and 5-10% of total expression, could clearly be assigned to Ciliophora that could be
associated with the gammarids as commensals or symbionts (Fenchel, 1965). The re-
maining 65–70% transcripts either aligned to proteins from other groups of organisms
(presumably symbionts or commensals) or could not be assigned and remained unan-
notated. Finally, a reduced data set was created with non-redundant sequences most
probably originated from the target organism (5.1 A), which would serve as references
for mapping reads in the differential expression analysis.
Moreover, the completeness of the assemblies was estimated with BUSCO (Simão et al.,
2015) and these values were compared with the published assemblies of the transcrip-
tomes of these species by Naumenko et al. (2017). According to this method, the as-
semblies obtained in this work present better completeness metrics than the previously
published ones (see Figure 5.1 B).
























































FIGURE 5.1: Overview of the assembly composition and completeness.
A) taxonomic assignment of transcripts. B) completeness assessment with BUSCO.
The assemblies from Naumenko et al. (2017) are shown for comparison (marked
with asterisks). Figure originally published on Drozdova et al. (2019a) under Cre-
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FIGURE 5.2: Gene ontology terms that in pair-wise comparisons were enriched
in transcripts with higher expression in one species vs. the other species. Figure
originally published on Drozdova et al. (2019a) under Creative Commons Attribu-
tion License International (4.0).
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5.3.2 Intra- and Inter-Species Variability of Transcript Abundance
To estimate to which degree transcript levels differ in all three species and to control for
samples that might have been mislabeled (see Section Checks for Mislabeled Samples
and Figures B.2, B.4, B.5 and B.3 in the Appendix B), the raw transcriptome reads ob-
tained from each species were mapped to each transcriptome assembly generated for
each of the three species. As expected, in each case, the largest number of reads was
mapped if the reads and the assemblies were from the same species. The differences
in mapping rates of reads to assemblies were quite pronounced (see Figure B.3 in page
129), and thus differential gene expression was determined by mapping the reads to the
assemblies of the respective species, except for two cases (see below).
The control samples (pooled parallel controls of 3- or 24-hr treatments) were compared
in each pair of species. To account for the difference in mapping rates and reduce noise
level, each of the three possible inter-species comparisons was performed twice using
each of the two assemblies as references. Then the gene ontology (GO) biological pro-
cess (BP) terms over-represented in differentially expressed (DE) genes were examined
(absolute log2 fold change > 3 and adjusted p-value < 0.001; unless stated otherwise, the
same criteria for differential expression were applied throughout the analysis). Only
those terms that were over-represented in each of the three species-pairs comparisons
regardless of the assembly that was used as a reference and with a significance level
(with a p-value < 0.001 in the Fisher’s exact test) were selected (see Figure 5.2).
These comparisons (see Figure 5.2) show that E. verrucosus expressed the transcripts
associated with translation (GO:0006412) more highly than the other examined species.
Furthermore, genes more highly expressed in either Eulimnogammarus species relative
to G. lacustris were enriched in translational elongation (GO:0006414)-related transcripts
encoding ribosomal proteins and the translation elongation factor 17. The differential
expression patterns of the transcripts associated with the GO terms translation and trans-
lational elongation in the three species indicate a species-specific protein synthesis activity
in the order E. verrucosus >E. cyaneus > G. lacustris.
Other GO terms that were over-represented in genes over-expressed in E. verrucosus
in comparison to E. cyaneus were viral transcription (GO:0019083), including three ri-
bosomal protein-encoding transcripts and regulation of muscle contraction (GO:0006937)
including transcripts encoding muscular proteins. However, all these transcripts’ anno-
tations are somewhat vague as they are based on position-wise matches with sequences
from a phylogenetically rather distant taxon, the leech Helobdella robusta Shankland, Bis-
sen & Weisblat, 1992. Thus, these different expression patterns do not clearly indicate
gene expression differences between the studied amphipod species. Instead, they might
indicate differing abundances of parasites in the examined animals; leeches are known
parasites of Baikal amphipods (Kaygorodova, 2013).
7GO terms over-represented in transcripts that were differentially expressed between species
can be found at https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-019-6024-3/
MediaObjects/12864_2019_6024_MOESM2_ESM.xlsx
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GO terms over-represented in transcripts with higher expression in E. cyaneus com-
pared to G. lacustris were spore germination (GO:0009847) and oxidation-reduction pro-
cess (GO:0055114). Both terms comprised transcripts encoding 14-3-3 proteins; the term
oxidation-reduction process also contained transcripts encoding hemocyanin subunits, de-
hydrogenases, and oxidases.
The GO term RNA-dependent DNA biosynthetic process (GO:0006278) was over-represented
in transcripts with higher expression in G. lacustris than E. verrucosus. The respective
transcripts comprised mostly RNA-directed DNA polymerases from different trans-
posable elements. Other GO terms enriched in genes with lower expression in both
Eulimnogammarus species compared to G. lacustris were proteolysis (GO:0006508), with
transcripts predominantly encoding proteases and the two similar biological processes,
chitin catabolic process (GO:0006032) and chitin metabolic process (GO:0006030) that also
included chitin-degrading enzymes.
A comparison of expression profiles in two control groups (3-hr against 24-hr parallel
controls) was performed for each species with the same-species mapping to estimate
the noise level in the data, The number of genes differentially expressed at the chosen
threshold levels (absolute log2 fold change value > 3 and adjusted p-value < 0.001) was
as low as two genes for E. verrucosus, and no genes were differentially expressed in the
other two species. The observed agreement in the two control groups ensures that most
differences between the experimental and control conditions should be true positives.
5.3.3 Responses to Thermal Stress
Lethal Temperatures
Temperature sensitivities of the studied species were estimated by determining the species-
specific lethal temperatures. Individuals of the three amphipod species were incubated
at temperature stress conditions, i.e., at water temperatures between 20 and 29◦C for 24
hours, and dead individuals were counted. The lethal temperatures for 50% of the in-
dividuals (LT50) differed considerably between the species ranging from 25.2 to 27.2◦C
(see Figure 5.3 A) mirroring the differences in temperature preferences of the species
determined previously (Timofeyev, Shatilina, and Stom, 2001; Axenov-Gribanov et al.,
2016). However, the 10% mortality temperature (LT10) turned out to be very similar for
all species (24.9, 24.6, and 24.6◦C for E. verrucosus, E. cyaneus, and G. lacustris, respec-
tively). For E. verrucosus, the temperatures’ range causing no and 100% lethality was,
with 24–26◦C, comparatively narrow, whereas this range was wider for E. cyaneus, with
23–28◦C, and for G. lacustris, with 23–29◦C. Thus, although LTx values of the different
species were similar in the lower temperature range, the higher LTx values varied more
across the species due to the different slopes of the regression curves (see Figure 5.3 A).
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FIGURE 5.3: Temperature sensitivities of the different amphipod species and
their transcriptional responses to elevated temperature. A) % mortalities of
the studied species at different temperatures. The point size is proportional to
the number of data points for the same species located at the same coordinates;
this solution was chosen to avoid over-plotting. B) numbers of up- and down-
regulated genes in each species after 3-h and 24-h exposures to the species-specific
LT10. C) GO terms enriched in the transcripts up-regulated under acute heat
shock. D) GO terms enriched for the transcripts down-regulated under these con-
ditions. Only GO terms enriched with a p-value of at most 0.001 and at least two
differentially expressed transcripts are shown. Figure originally published on
Drozdova et al. (2019a) under Creative Commons Attribution License International
(4.0).
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Expression Responses to Temperature Stress
The numbers of differentially expressed transcripts varied across the different amphi-
pod species upon 3- and 24-hr exposures to LT10 over one order of magnitude8 (see
Figure 5.3 B)
The more temperature-sensitive species, i.e., the species with lower LT50, showed a
higher number of responsive genes (see Figure 5.3 A, B). To obtain an indication about
which biological processes were affected by temperature stress across the different species,
the over-represented GO terms in up-regulated of down-regulated transcripts were iden-
tified9 (see Figure 5.3 C, D).
All species showed up-regulation of very similar groups of genes associated with the
GO terms response to stress (GO:0006950), response to heat (GO:0009408), and protein fold-
ing (GO:0006457). These GO terms comprise transcripts encoded by heat shock protein
(hsp) genes hsp60, hsp70, and hsp90; dnaJ (hsp40); small heat shock proteins such as hsp20;
and one polyubiquitin gene. Raised temperature (i.e., heat shock) is known to induce
representatives of all heat shock protein gene families (Bar-Lavan, Shemesh, and Ben-
Zvi, 2016).
Accordingly, genes up-regulated in response to elevated temperature were enriched in
molecular function (MF) GO terms ATP binding (GO:0005524) and unfolded protein
binding (GO:0051082). Over-represented cellular component (CC) GO terms varied
across the different species; except for the LT10 (24 hrs) treatment of G. lacustris, GO
terms related to cell surface were over-represented in all species in all treatments. How-
ever, as this GO term comprises several heat shock protein transcripts that generally
were induced in the LT10 treatments, the CC over-representation might be the conse-
quence of diverse functions of heat shock proteins. Taken together, these results show
that a variety of heat shock genes induced by elevated temperatures exists in the studied
amphipods.
Other over-represented GO terms were induction by symbiont of host defense response (GO:
0044416), entry into host cell (GO: 0030260), and response to toxic substance (GO: 0009636).
All of them included hsp70 genes; this result most probably reflects the multifaceted
functional possibilities of these proteins. The latter term also contained a glutathione
S-transferase (gst) transcript. Different transcripts encoding glutathione S-transferases
were up-regulated (more than sixty-fold) or down-regulated (approx. twenty-fold) in E.
cyaneus in the 3-hr LT10 treatment, as well as down-regulated (approx. fourteen-fold) in
the 24-hr LT10 treatment in E. verrucosus. Among other antioxidant enzymes, a transcript
8The complete list of DE genes and the corresponding fold change and p-values can be found at
https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-019-6024-3/MediaObjects/
12864_2019_6024_MOESM3_ESM.xlsx
9The full list of GO terms over-represented in transcripts that were differentially expressed in response
to elevated temperature or cadmium can be found at https://static-content.springer.com/esm/art%
3A10.1186%2Fs12864-019-6024-3/MediaObjects/12864_2019_6024_MOESM4_ESM.xlsx
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presumably encoding a copper/zinc superoxide dismutase was down-regulated in 3 hr
and 24-hr LT10 treatments in E. verrucosus.
The effects of elevated temperature on the activities of key metabolic enzymes cytochrome
C oxidases (COX), citrate synthases, lactate dehydrogenases, pyruvate kinases, 3-hydroxy-
acyl-CoA dehydrogenases, and glutamate dehydrogenases in amphipods have been
studied earlier (Jakob, 2016). Thus, the expression changes of the respective genes were
analyzed.
The putative cox3 transcript was induced four-fold in E. cyaneus from the 24-hr LT10
treatment and eight-fold and six-fold in E. verrucosus from the 3- and 24-hr LT10 treat-
ments, respectively. In contrast, another transcript annotated as cox2 was more than ten-
fold down-regulated in E. verrucosus from the 24-hr LT10 treatment. No other cox-related
transcripts were differentially expressed in any of the studied species, even though other
cox contigs were present in all assemblies.
The common biological processes inhibited by heat shock in both Eulimnogammarus
species included translation (GO:0006412) and translational elongation (GO:0006414).
Over-representation of these terms was due to genes encoding ribosomal proteins of
both subunits, eukaryotic elongation factor 1, and a transcript for a potential Cu-Zn
superoxide dismutase. The terms inflorescence development (GO:0010229) and matura-
tion of SSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA)
(GO:0000462) were also over-represented due to ribosomal protein transcripts, particu-
larly those encoding RPL27 in the former and S8 in the latter case. The term threonyl-
tRNA aminoacylation (GO:0006435), which was over-represented in E. verrucosus and
E. cyaneus, results from two transcripts in each case, both of which have an unanno-
tated protein XP_001618065 from Nematostella vectensis Stephenson 1935. However, a
more in-depth blast search revealed that only the best blast hit belong to the aforemen-
tioned coral species, while the other results are elongation factors from algae. As these
transcripts might have been contaminants, they were not analyzed further.
Some of the groups were characteristic only for one combination of species and expo-
sure time. The term nucleosome assembly (GO:0006334), which was characteristic only
for E. cyaneus after 3-hr exposure, was represented by several histone-encoding tran-
scripts. The terms protein polymerization (GO:0051258) and fin regeneration (GO:0031101)
were only characteristic for E. verrucosus after 24-hr exposure to elevated temperature.
They included tubulin-encoding and cathepsin-encoding transcripts, respectively. Fi-
nally, the term chitin metabolism (GO:0006030) indicated a lower expression of chitinases
in heat-exposed E. verrucosus.
The top MF and CC GO terms enriched in genes down-regulated in the Eulimnogam-
marus species in response to heat shock were also connected to ribosomes and transla-
tion, such as structural constituent of ribosome (GO:0003735), rRNA binding (GO:0019843),
translation elongation factor activity (GO:0003746), GTPase activity (GO:0003924), ribo-
some (GO:0005840), and cytosolic large ribosomal subunit (GO:0022625).
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In summary, all responses common to at least two combinations of species and condi-
tions are translation-related. Interestingly, these responses were only recorded in the
Baikal Eulimnogammarus species, but not in the Holarctic G. lacustris. However, the ab-
sence of response in G. lacustris could be explained simply by the small number of DE
transcripts (see Figure 5.3 B). To account for this possibility, the stringency of the filter-
ing was relaxed (at least a two-fold decrease in expression with adjusted p-value < 0.05)
and transcripts annotated as potential ribosomal proteins in G. lacustris were inspected.
Indeed, two transcripts annotated as L37 and L23 proteins down-regulated in G. lacustris
after 3 hrs of heat shock were found; no difference in the amount of ribosomal protein-
encoding transcripts could be detected after 24 hrs of heat shock in this species. Thus,
the translation-related response is also possible in G. lacustris but is undoubtedly much
weaker.
5.3.4 Genes Regulated in Response to Cadmium
The toxic sensitivities of the examined amphipod species to cadmium were determined
earlier by Protopopova, Pavlichenko, and Luckenbach (2019). To examine the transcrip-
tomic responses to CdCl2 exposure, individuals of each studied species were exposed
to the species-specific LC10 (24 hrs), 2.9, 3.7 or 3.2 µM for E. verrucosus, E. cyaneus, and
G. lacustris, respectively.
By the overall number of genes, all samples can be divided into two groups. While
E. verrucosus and E. cyaneus show a significant response after 24-hr exposure (> 60 DE
genes), in all the other cases, the response is very subtle10 (< 5 DE genes, see Figure 5.4
A).
The diversity of over-represented GO terms under cadmium treatment is greater and
less uniform than that observed under heat shock (see Figures 5.4 B, C, compare with
the Figures 5.3 C, D). The only common GO term enriched in the genes up-regulated
under cadmium treatment is the response to stress (GO:0006950), which includes mostly
the transcripts annotated as putative 70 kDa heat shock protein family members11. In
addition, in the case of E. cyaneus, this group also includes a polyubiquitin-C. The re-
maining terms unique for E. cyaneus are also based on ubiquitin-related degradation and
include various transcripts potentially encoding polyubiquitin-C, as well as those en-
coding ubiquitin ligase-like proteins. The terms unique for E. verrucosus, namely induc-
tion by symbiont of host defense response (GO:0044416) and entry into host cell (GO:0030260),
united the same hsp70 transcripts as in response to high temperature. The only tran-
script encoding an antioxidant enzyme and up-regulated under this treatment was a
glutathione S transferase transcript in E. cyaneus after 3-hr treatment.
10List of transcripts that were differentially expressed in response to elevated temperature or cadmium
can be seen at https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-019-6024-3/
MediaObjects/12864_2019_6024_MOESM3_ESM.xlsx
11GO terms over-represented in transcripts that were differentially expressed in response to elevated
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FIGURE 5.4: Transcriptional responses to cadmium treatment. A) number of
up- and down-regulated genes in each species after 3-hr and 24-hr exposures to
the species-specific LC10. B) GO terms enriched in the transcripts up-regulated
under cadmium treatment. C) GO terms enriched for the transcripts down-
regulated under these conditions. Only GO terms enriched with a p-value <0.001
and including at least two differentially expressed transcripts are shown. D) sum-
mary of expression for the two most abundant MT-like transcripts. The p-values
shown on top of the boxplots come from the DESeq2 analysis, except for the
value in parentheses calculated with the Mann-Whitney test. Figure originally
published on Drozdova et al. (2019a) under Creative Commons Attribution License
International (4.0).
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S, response to stress
U, protein ubiquitination
FIGURE 5.5: Comparison of differentially expressed genes between heat
shock and heavy metal stress. Each point corresponds to a differentially ex-
pressed gene in at least one of the conditions indicated along the axes. Along each
axis are log2 fold changes relative to the control group. T, translation-related; S,
response to stress or response to heat; U, ubiquitin-proteasome-related system;
P, proteolysis. Automatically fitted linear regression models are shown. Figure
originally published on Drozdova et al. (2019a) under Creative Commons Attribu-
tion License International (4.0).
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Heavy metals are bound by specific proteins, metallothioneins (Ziller and Fraissinet-
Tachet, 2018). Metallothionein (MT)-encoding sequences have been reported in the
genome and transcriptome of Hyalella azteca Saussure, 1858 (Poynton et al., 2018) and in
the transcriptome of another amphipod species, Grandidierella japonica Stephensen, 1938
(Hiki et al., 2018); the abundance of these sequences was approximately two-fold higher
in response to zinc exposure (Poynton et al., 2018; Hiki et al., 2018) and even 16-fold
higher in response to cadmium exposure. Therefore, transcripts that potentially en-
coded MT in the full datasets were inspected. Three (in G. lacustris) to 13 (in E. cyaneus)
of such transcripts were found in the assemblies12. However, none of the transcripts was
differentially expressed according to the followed standards, even though the majority
of transcripts in Baikal species had higher median abundance values under cadmium
treatment (see Figure 5.4 D). Moreover, most of the transcripts had a low expression:
only six transcripts in E. cyaneus, one transcript in E. verrucosus, and no transcripts in G.
lacustris had abundance higher than one transcript per million TPM (see the Figures B.9,
B.10 and B.11 in the Appendix B, page 127).
Expression levels of the two most abundant transcripts are shown in the Figure 5.4 D.
The predicted protein sequences encoded by these transcripts are identical. The most
similar sequence in the NCBI nr database turned out to be the MT of a deep-sea vent
brachyuran crab Allograea tomentosa Guinot, Hurtado & Vrijenhoek, 2002. The sequence
of A. tomentosa was only 53% identical to those of Eulimnogammarus sp., but all the Cys
residues were conserved within the three proteins (see Figure B.8 in page 135), suggest-
ing that these transcripts indeed encode metallothionein-like proteins. These transcripts
were not differentially expressed under cadmium treatment according to the criteria fol-
lowed. The fold change was not consistent between the two time points, and while the
expression change observed in E. verrucosus upon 24-h treatment had an associated p-
value of 0.002, in E. cyaneus, it was 0.78, even though independent testing of these val-
ues without correction for multiple testing would return a p-value of 0.029. Thus, the
questions of specificity of these transcripts’ putative products and regulation of their
expression in response to heavy metals remain open.
The GO terms over-represented among down-regulated genes mainly were the same as
featured in response to elevated temperature (see Figure 5.3 D), even though the diver-
sity was lower (see Figure 5.4 C) and included the same genes. The term brassinosteroid
mediated signaling pathway (GO:0009742) included two 14-3-3 protein transcripts.
5.3.5 Comparison Between Temperature and Cadmium Responses
The animals were subjected to two stressors, and GO terms were used to compare re-
sponses between different species. However, tracing the reaction of individual tran-
scripts rather than GO terms comparison between their responses would tell if the same
12Sequences and characteristics of metallothionein-like transcripts can be seen at https:
//static-content.springer.com/esm/art%3A10.1186%2Fs12864-019-6024-3/MediaObjects/12864_
2019_6024_MOESM6_ESM.xlsx
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cellular stress response systems control them—or there were condition-specific DE tran-
scripts associated with the same GO term. To test this hypothesis, scatter-plots for all
genes that were differentially expressed in response to at least one of the treatments af-
ter 24-hr exposure were built (see Figure 5.5). Linear regression models were fitted to
describe common tendencies.
The regression lines are closer to the horizontal axis, thus showing that the response
to elevated temperature is generally more pronounced than the response to cadmium
treatment (see Figure 5.5), especially in the case of E. verrucosus. This result was corrob-
orated by comparing the numbers of DE genes (see above).
Moreover, there were temperature-specific stress response transcripts in each species
(those labeled with S and being close to zero on the vertical axis but positive on the hor-
izontal axis). Furthermore, while some translation-related transcripts in E. verrucosus
reacted equally well to temperature and cadmium, some others only reacted to temper-
ature. Interestingly, in the two Eulimnogammarus species, there were cadmium-specific
ubiquitin-proteasome system components (see Figure 5.5 A, B)13.
5.4 Discussion
In this work, the transcriptomic stress responses in three amphipod species were com-
pared, E. verrucosus and E. cyaneus, endemic to Lake Baikal, while G. lacustris occurs in
the Holarctic and can be regarded as a potential invader species to Baikal. Animals were
either kept in the conditions simulating those of the Baikal littoral (control), subjected
to relatively mild temperature stress (LT10) or chemical stress (LC10 CdCl2). This exper-
imental setup allowed us to compare different species, as well as responses to different
stressors.
5.4.1 Transcriptional Profiles by Species
The inter-species differences in the control samples were analyzed to compare transcrip-
tional profiles between species. As the species have quite different transcript sequences,
the results of this comparison were noisy. Nevertheless, some results were robust (see
Figure 5.2). E. verrucosus has the highest expression activity of translation-related genes.
This might reflect intrinsic characteristics of protein synthesis in each species but might
also be related to the exposure conditions, as the temperature was comparatively close
to the optimal for E. verrucosus and most distant from the optimal or preferred for G. la-
custris (Timofeyev, Shatilina, and Stom, 2001; Axenov-Gribanov et al., 2016).
The non-Baikal species G. lacustris also had other hallmarks in its transcription profile.
It had higher expression of transcripts encoding RNA-directed DNA polymerases from
13A comparison of the transcripts differentially expressed in response to temperature and/or
cadmium treatments can be seen at https://static-content.springer.com/esm/art%3A10.1186%
2Fs12864-019-6024-3/MediaObjects/12864_2019_6024_MOESM5_ESM.xlsx
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various mobile elements, including Ty3-like and jockey-like14 compared to E. verruco-
sus. Again, as there were no control samples of G. lacustris in conditions imitating its
native habitat, it is not possible to tell if the increased transposon activity is characteris-
tic for the species or if it was triggered by the acclimation conditions, and it can only be
spoken about differences between G. lacustris and E. verrucosus acclimated to the same
conditions. No studies exploring the differential expression of transposable elements in
amphipods were found in the literature. Still, such analysis has been performed for an
insect, Locusta migratoria, and revealed changes between life stages (Jiang et al., 2012).
However, in this analysis of amphipods, only the adult form was studied. Thus, the
inter-species difference in transposon activity can hardly be interpreted with the avail-
able data and at the current level of knowledge. Nevertheless, it can provide hypotheses
to test in further research.
Another characteristic feature of G. lacustris was the over-expression of protease- and
chitin catabolism-related transcripts. The expression of chitinase genes in crustaceans
generally peaks at pre-molt stages (Gao et al., 2017). This result might indicate induction
of molting in G. lacustris, which might have been triggered by acclimation conditions.
At the same time, transcripts related to oxidation-reduction processes were character-
ized by higher expression in E. cyaneus than in G. lacustris, while expression of this group
of transcripts in E. verrucosus is supposedly intermediate, as it was not significantly dif-
ferent from either species. According to routine oxygen consumption measurements
(Jakob et al., 2016), E. verrucosus had the lowest metabolic rate, while these values for
the other species were comparable. A possible explanation for this discrepancy between
the physiological measurements and transcriptional profiles could be that G. lacustris
uses additional energy for pre-molting processes, as signified by higher expression of
protease-related and chitin metabolism-related genes.
5.4.2 Species- and Stressor-Specific Transcriptional Stress Responses
All species showed clear stress response, and this response (assessed as the number of
DE genes) was least pronounced in G. lacustris, intermediate in E. cyaneus, and the most
prominent in E. verrucosus. Moreover, the response to cadmium treatment was generally
weaker than the response to the elevated temperature (compare the Figure 5.3 B with
the Figure 5.4 A).
Specific molecular adaptations to these stressors that would differ between Baikal en-
demics and the generalist species G. lacustris were not found, even though the possibility
that some specific transcripts not annotated so far could create such a difference cannot
be excluded.
14GO terms over-represented in transcripts that were differentially expressed between species
can be seen at https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-019-6024-3/
MediaObjects/12864_2019_6024_MOESM2_ESM.xlsx
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Exposure of the species to two different stressors clearly reveals similar responses in
the two Baikal species, which comprised increased expression of known stress response
transcripts, mostly those encoding molecular chaperones, and decreased expression of
translation-related transcripts, mostly those encoding ribosomal proteins (see Figure 5.3
and 5.4). The heat shock factor (Hsf) is traditionally viewed as the master transcriptional
regulator of heat shock response (Voellmy, 2004), even though newer data suggest not
only that Hsf1 might regulate other genes but also that not all heat stress-responsive
genes are regulated by Hsf1 (Gonsalves et al., 2011). Arthropod species have only one
gene encoding this protein, and the activity of Hsf1 is primarily regulated at the post-
transcriptional level by oligomerization and phosphorylation (De Nadal, Ammerer, and
Posas, 2011).
The data presented here are consistent with this notion: each of the transcriptomes
contained transcripts with best hits annotated as Hsf1 in other arthropod species, but
none of them were differentially expressed. As only mRNA sequences were analyzed,
and not its corresponding genomic DNA sequences (as described in the Chapter 6, the
genome of E. verrucosus, for example, is extremely large and full of repeats), it was not
possible to directly assess the correlation between changes in gene expression and pres-
ence of putative Hsf1 binding sites in the promoters. Further analysis based on genomic
data might shed more light on the mechanism behind stress-induced changes in gene
expression.
Inhibition of translation is a well-known cellular-level response to multiple stressors.
This pathway is mediated by phosphorylation of eukaryotic translation initiation fac-
tor 2α, and among the downstream targets of this protein is the transcription factor Atf4
(Pakos-Zebrucka et al., 2016), which can, in turn, activate the synthesis of some inhibitor
of ribosomal protein gene expression. The shutdown of ribosomal protein gene tran-
scription under stress in the yeast Saccharomyces cerevisiae Meyen ex E.C. Hansen, 1883 is
a long-known phenomenon (Gasch et al., 2000) explained by target of rapamycin (TOR)
kinase complex-mediated action of multiple regulators of transcription (de la Cruz et al.,
2018). This pathway has not been studied in detail in invertebrates, but there are exam-
ples of decreased transcription of ribosomal genes in response to temperature stress in
insects (Huang et al., 2017), corals (van de Water et al., 2018), and Daphnia pulex Leydig,
1860 (Shaw et al., 2007). This response can also be mediated via the TOR kinase, but its
universality and the mechanism need additional research.
In this analysis, animals were subjected to two different stressors but found that gene
expression changes are quite similar (see Figure 5.5). This result shows that Baikal am-
phipods have intact stress response systems, which reacted to either stressor. However,
changes in the expression of some transcripts were stressor-specific. The existence of
heat-shock-specific hsp transcripts might mean that there is more than one system reg-
ulating the transcription of these genes. At the same time, some ubiquitin-proteasome-
related transcripts were only induced by cadmium treatment but did not react to tem-
perature, also suggesting the existence of a specific mechanism activated by this heavy
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metal. In addition, some metallothionein-related transcripts were found, but no clear
induction in response to the treatment was observed. The specificity of induction con-
ditions and diversity of these genes also require additional investigation.
The Holarctic species G. lacustris shows a similar hsp response as the Baikal species. Still,
the overall amplitude of expression changes is lower, and translation-related response
is also much weaker, even though the treatments caused the same organismal-level ad-
verse effect (10% lethality) for all investigated species. However, prior to these experi-
ments, the G. lacustris individuals were acclimated under the conditions of Lake Baikal,
i.e., the temperature of 6◦C and in Baikal water. It is possible that the animals already
experienced inhibition of ribosomal protein gene expression, and no response was seen
because further down-regulation was not possible. Alternatively, it is possible that the
observed characteristics of the transcription profile are inherent for these species. As
no pre-acclimation control or control acclimated in the water from G. lacustris habitat
was conducted, this hypothesis could not directly be tested. Taken together with the
inter-species comparison’s findings, these results suggest, nevertheless, that inhibition
of ribosomal protein gene expression is associated with stress response and that gene
expression in G. lacustris is already perturbed by acclimation to the conditions of Lake
Baikal littoral. Thus, it is possible that the adaptation potential of the former species is
not much wider than for Baikal endemics: even though G. lacustris inhabits water bod-
ies with cold water, it is possible that under these conditions it survives for some time
but is not fully adapted to them, and therefore cannot invade the Lake Baikal littoral in
its current state.
5.5 Conclusions
Here it was studied the transcriptomic responses of two endemic Baikal amphipod
species and a Holarctic species to two proteotoxic stressors, elevated temperature and
heavy metal (cadmium) exposure, at species-specific 10% mortality levels, in compari-
son to the control conditions matching the conditions of Lake Baikal littoral. The results
indicate that both Baikal species possess an intact stress response system and that both
respond to the stressors with similar changes in their transcription profiles. In contrast,
the Holarctic species G. lacustris has a less prominent response to both stressors. This
result might be explained if Baikal species have specific metabolic adaptations to low
temperatures and water composition, while the Holarctic species is not fully adapted to
the current conditions of Lake Baikal littoral, and its transcriptome is already perturbed
by acclimation.
5.6 Scientific Output Associated with this Chapter
The content in this chapter is an updated and rewritten version of the article:
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• "Comparison between transcriptomic responses to short-term stress exposures
of a common Holarctic and endemic Lake Baikal amphipods" in BMC Genomics
by Drozdova et al. (2019a) with Polina Drozdova and Lorena Rivarola-Duarte as
joined first authors. The article has been distributed under Creative Commons At-
tribution License International (4.0).
Additionally, some content from the following articles authored by Lorena Rivarola-
Duarte has been used to illustrate what can be achieved with the transcriptomic data
generated and de novo assembled:
• "Description of strongly heat-inducible heat shock protein 70 transcripts from
Baikal endemic amphipods" in Scientific Reports by Drozdova et al. (2019b) un-
der Creative Commons Attribution License International (4.0).
• "Transcriptome-level effects of the model organic pollutant phenanthrene and
its solvent acetone in three amphipod species" in Comparative Biochemistry and
Physiology Part D: Genomics and Proteomics by Shatilina et al. (2020). Elsevier
Inc. All rights reserved. Authors have the right to share their article for Personal
Use purposes (Inclusion in a thesis or dissertation –provided that this is not to be
published commercially–), with a DOI link to the version of record on ScienceDi-
rect (and with the Creative Commons Attribution License Non Commercial - No Derivs
(2.0) for author manuscript versions)
• "Thermal reactions norms of key metabolic enzymes reflect divergent physio-
logical and behavioral adaptations of closely related amphipod species" in Sci-
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6.1 Introduction
The use of Next Generation Sequencing (NGS) has expanded rapidly over recent years,
providing rapid and cost-efficient technologies for the discovery of genetic markers and
new genomic resources, unveiling in many cases how animal genomes respond to envi-
ronmental challenges and how they have evolved. But only recently it has been applied
to crustacean biology studies. The ongoing decline in experimental costs and the in-
crease in sampling effort of rare taxa will most likely allow scientists to resolve many of
the controversies about crustacean phylogenetic relationships. Despite the relative im-
portance of crustaceans -notably shrimps, lobsters, crabs, krill, copepods, and barnacles
that are familiar to the average person- they still lack genomic resources compared with
other widely-studies groups such as insects and vertebrates (Rotllant et al., 2018). The
nearly 70,000 described species of Crustacea represent one of the largest extant groups in
the animal kingdom and hence contribute a major component to the Earth’s biodiver-
sity (Ahyong et al., 2011; Martin et al., 2014). The first fully assembled and annotated
genome developed was that of the water flea Daphnia pulex (Colbourne et al., 2011).
Only in 2016, the first genomes for Malacostraca were deposited at the NCBI: Armadillid-
ium vulgare (1.725 Gbp) (Leclercq et al., 2016) and Hyalella azteca (550.886 Mbp) (Poynton
et al., 2018). For more information about the taxonomy, see the Figures 2.4 in page 12
and 3.5 in page 30. In addition to this valuable resource, there are genome assemblies
from a few species, including economically important decapod species like the Chi-
nese mitten crab Eriocheir sinensis and Pacific White Shrimp Litopenaeus vannamei (Yu
et al., 2015; Song et al., 2016). The first assembly of the genome of Parhyale hawaiensis
(Phaw3.0, used for comparisons here), another Senticaudata belonging to the Infraorder
Talitrida (not Gammarida), was deposited in NCBI in March 2016 (Kao et al., 2016). The
newest version (Phaw_5.0) was deposited in June 2018. The first genome assemblies for
members of the Superfamily Gammaroidea (but from the Family Gammaridae, and not Eu-
limnogammaridae) were those of Gammarus lacustris with a assembled genome size of 5.07
Gbp (Jin et al., 2019), but with a C-value of 14.06pg according to Vergilino et al. (2012)
and Gregory (2020), and Gammarus roeselii, with a genome size of 3.239 Gbp (Cormier
et al., 2020). The latter has recently been deposited at the NCBI while the former not
(only raw reads from Illumina HiSeq 2500 and PacBio RSII were made available).
When this project started in 2011, virtually nothing was known about the molecular ba-
sis behind the physiological adaptations of the endemic species to the specific abiotic
conditions of Lake Baikal. Next-generation sequencing technologies provided the pos-
sibility to obtain comparatively affordably comprehensive genome and transcriptome
data useful for addressing such questions.
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In particular, the Amphipoda, an abundant macro-invertebrate taxon in Lake Baikal, com-
prises more than 350 species and sub-species, all endemic to this ecosystem (Rusinek et
al., 2012b). DNA sequence information for amphipods, in general, is still limited: Only
six genomes are available so far at the NCBI (see Tables C.4 and C.5), and five of them
belong to another Infraorder. Several complete mitochondrial genomes have been used
for phylogenetic analyses (Cook, Yue, and Akam, 2005; Bauza-Ribot et al., 2009; Ki et
al., 2010; Krebes and Bastrop, 2012; Shin et al., 2012; Romanova et al., 2014; Romanova
et al., 2016). The most comprehensive resources come from the Talitrid Parhyale hawaien-
sis (Parchem et al., 2010; Zeng et al., 2011; Blythe et al., 2012; Serano et al., 2016; Sun
and Patel, 2019), and the model organism Daphnia pulex -water flea- (Colbourne et al.,
2011), which belongs to a different Class (Branchiopoda). Phylogenetic trees based on
16S rRNA and COI mitochondrial DNA sequences, including most of the species with
genetic resources available, can be seen in Figure 6.1.
Amphipods are among the clades with highly variable genome sizes. C-values range
from C = 0.68pg in Caprella equilibra (Libertini, Trisolini, and Eriksson-Wiklund, 2003) to
C = 64.62pg in Ampelisca macrocephala (Belzile, Rees, and Dufresne, 2007). See the Tables
C.1, C.2, C.3 in pages 137, 138 and 139, respectively, and the Figure 3.3 in page 26. Within
the family Gammaridae, the genome sizes reported in the Genome Size Database vary
between C = 1.58pg to C = 3.80pg (Gregory, 2020), while Vergilino et al. (2012) report
C = 14.06pg for Gammarus lacustris. The genome sizes of Baikalian amphipod species
used in this study were not available in the literature when the project started (2011), but
in 2016, Jeffery et al. reported the following numbers: C = 3, 82 pg for E. cyaneus based
on Feulgen Image Analysis Densitometry (FIAD), C = 3, 95 pg for E. vittatus based on
FIAD, and for E. verrucosus: C = 6, 10 pg based on FIAD and C = 7.13 pg based on Flow
Cytometry (FCM).
Considering the number of genetic resources available for amphipods, assigning gene
functions in crustaceans (in general) is a difficult task since many genes found are novel,
without a direct match in other arthropods. Therefore, additional molecular studies and
laboratory experiments will be required to unravel their functions in detail (Rotllant et
al., 2018).
The goal for the analysis described in this chapter was to assemble the genome of Eu-
limnogammarus verrucosus, at least partially, maximizing the information that can be ex-
tracted. Since current methods for de novo assembly of genomes do not adequately work
with a high content of repetitive elements, one of the first tasks was to assess the number
of repeats identifying potential repeat families and predicting their possible locations in
the genomes.
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Eulimnogammarus verrucosus 16s partial AY926713.1
Eulimnogammarus verrucosus 16s complete
Eulimnogammarus vittatus 16s partial AY926716.1
Gammarus lacustris 16s partial AY926725.1
Gammarus duebeni 16s complete NC_017760.1|10947-11932
Gammaroidea
Parhyale_hawaiiensis 16s complete AY639937.1|11619-12224
Metacrangonyx longipes 16s complete HE861923.1|12239-13302
Onisimus nanseni 16s complete NC_013819.1|10988-12074
Gondogeneia antarctica 16s complete NC_016192.1|2512-3115
Gammaridea

















































FIGURE 6.1: Phylogenetic tree based on (a) 16s rRNA and (b) Cytochrome Ox-
idase Subunit 1 (COI) mitochondrial DNA sequences. Taxons inside the cluster
Gammaroidea belong to this Superfamily, and those inside the cluster Gammaridea
to this Suborder under the Amphipoda Order and Malacostraca Class. Daphnia pulex
works as out group, belonging to the Branchiopoda Class inside the Crustacea Sub-
phylum according to NCBI Taxonomy Browser. Names in bold letters imply com-
plete sequences for the genes. The underlined sequence is the one derived from
our analysis about the mitogenome in 2014. Numeric identifiers correspond to
those in GenBank. Tree calculated using MEGA 5.10 and the Neighbor-Joining al-
gorithm. Evolutionary distances were computed using the Maximum Composite
Likelihood approach. Bootstrap values after 1000 samples are shown along the
edges of the tree. Published on Rivarola-Duarte et al. (2014).
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6.2 Materials & Methods
6.2.1 Specimens
E. verrucosus specimens for sequencing were sampled in August 2011 and 20121 by kick-
sampling in 0.5 to 1 m deep water at the shore of Lake Baikal, close to the biological
field station of Irkutsk State University in Bolshie Koty (B). For more information about
locations see Figure 4.2 on page 40 and Table A.1 on page 125.
6.2.2 DNA Isolation
Animals were placed in aquariums containing Baikal water at 6◦ C and sorted. The
animals sampled in 2011 were washed once in ethanol in order to prevent contamination
with epibionts and submerged in 800 µl of ethanol each. The ones obtained in 2012 were
dissected, and muscle tissue was extracted to avoid contamination of the sample with
endogenous parasites or gut content. The tubes containing complete animals (2011) or
muscle tissue (2012) were kept in liquid nitrogen until transportation to Germany.
The ethanol-preserved individual/muscle tissue of E. verrucosus, was washed twice in
molecular biology grade water (AppliChem, Germany) to remove the ethanol. Total
genomic DNA was extracted2 from the preserved material following a modified ver-
sion of the DTAB-CTAB protocol by Gustincich et al. (1991). The homogenization buffer
containing 6% dodecyltrimethylammonium bromide (DTAB) (AppliChem, Germany),
1.125 M NaCl (VWR International GmbH, Germany), 75 mM TrisHCl (Carl Roth GmbH
+ Co. KG, Germany) and 37.5 mM EDTA (Carl Roth GmbH + Co. KG, Germany) at
pH 8.0 was heated at 65◦ C and 500 µl were added to the specimen. The sample was
homogenized with a MixerMill MM 400 (Retsch GmbH, Germany) for 5 min using two
stainless steel beads, whose diameters were 3 mm (Retsch GmbH, Germany) and 5 mm
(QIAGEN, Germany). The homogenate was then centrifuged at maximum speed at
4◦ C for 5 min to eliminate the foam, and a further 500 µl of homogenization buffer were
added, followed by 30 min of incubation at 65◦ C. A digestion step using 50 µl of pro-
teinase K (10 mg/ml) (Carl Roth GmbH + Co. KG, Germany) was performed overnight
at 55◦ C. Subsequently, the homogenate was incubated at 70◦ C for 3 min to inactivate the
enzyme. Ten microliters of RNase A (10 mg/ml) (AppliChem, Germany) were added,
followed by an incubation step at 37◦ C for 30 min. The DNA was extracted using one
volume of chloroform (VWR International GmbH, Germany) /isoamyalcohol (Sigma
Aldrich, Germany) (24:1) vortexed for 20 s and centrifuged for 5 min at maximum speed
in an Eppendorf table centrifuge. The aqueous phase was transferred to a new tube,
mixed with 100 µl of 4 M LiCl (Merck, Germany) and 400 µl of isopropanol (VWR Inter-
national GmbH, Germany) by vortexing and kept overnight at −20◦ C. The DNA was
precipitated by centrifugation at 4◦ C for 20 min at 12000 g and washed twice with 1 ml
1Sampling at Bolshie Koty in 2011 was done by Lorena Rivarola-Duarte from Universität Leipzig, while
in 2012 was done by Daria Bedulina, from Irkutsk State University.
2DNA isolation was done at IZI Fraunhofer Institute for Cell Therapy and Immunology in Leipzig by
Lorena Rivarola-Duarte from Universität Leipzig and Stephan Schreiber from IZI/UFZ.
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of 70% ethanol (Carl Roth GmbH + Co. KG, Germany) followed by centrifugation at
4◦C for 10 min at 14000 g. The supernatant was decanted, and the DNA pellet was dried
for less than 5 min at 50◦ C and re-suspended in 50 µl of molecular biology grade wa-
ter. Quantification and quality control of the DNA was conducted using a NanoDrop
ND1000 (PeqLab Biotechnologie GmbH, Germany).
6.2.3 NGS Sequencing
Two technical replicates of dual-indexed libraries from the material coming from a com-
plete specimen were prepared in 2012 using Nextera™ DNA sample preparation kit
following the manufacturer’s protocol. Four more libraries were prepared with muscle
tissue material from two different individuals in 2012-2013 (two technical replicated for
each biological replicate)3. DNA Clean & Concentrator™-5 (Zymo Research Corpora-
tion, U.S.A) was used for clean-up of the tagmentated DNA and Agencourt® AMPure®
XP kit (Beckman Coulter GmbH, Germany) for the last PCR clean-up step. The two
technical replicates (by each biological replicate) were pooled and then size-selected by
electrophoresis using a 2% agarose (Carl Roth GmbH + Co. KG, Germany) gel and vi-
sualized by the addition of ethidium bromide (Carl Roth GmbH + Co. KG, Germany).
To obtain a length range of 150-600 bp, DNA was extracted and purified using MinElute
Gel Extraction Kit (QIAGEN GmbH, Germany). Agilent High Sensitivity DNA Kit (Ag-
ilent Technologies, U.S.A) in an Agilent 2100 Bioanalyzer machine (Agilent Technolo-
gies, U.S.A) was used for quantification and quality control of the libraries in all steps.
Clusters were generated on a cBot device (Illumina Inc., U.S.A) using TruSeq PE Cluster
Kit v3-cBot-HS (Illumina Inc., U.S.A). A multiplexed paired-end dual-index sequencing
run with a number of cycles of 101-9-(7)-9-101 was conducted in an Illumina HiSeq 2000
instrument (Illumina Inc., U.S.A) employing PhiX Control v3 kit (Illumina Inc., U.S.A)
as quality and calibration control, TruSeq Dual Index Sequencing Primer Box Paired-
End (Illumina Inc., U.S.A) and TruSeq SBS Kit v3-HS (200 Cycles + 50 cycles) (Illumina
Inc., U.S.A). The number of cycles was higher for the last libraries prepared, obtaining
read lengths of 105 instead of 100bp. Base-calling (Bcl) conversion and demultiplexing
was conducted using CASAVA 1.8.2, allowing one mismatch in the index sequence and
keeping only the reads passing the quality filter. The overall yield of raw data for the
one lane sequenced in 2012 (Flow Cell 1, FC1), used for the survey (Rivarola-Duarte
et al., 2014), was 35.6 Gigabases and 353 million reads, a mean quality score of 36.4 and
94% of the bases with a quality value ≥ 30. From these data, only 28.8 Gigabases were
retained after pre-processing. More information about the amount of data obtained and
their quality on the two complete flow cells sequenced afterwards (FC2 and FC3) can be
seen in Table 6.1 and Figure C.2 A in page 142.
NOTES: the data from the one lane (FC1) was only used for the survey paper, but not
on the further analysis shown in this dissertation. The main reason behind this was the
3DNA libraries were constructed at IZI Fraunhofer Institute for Cell Therapy and Immunology in
Leipzig by Lorena Rivarola-Duarte from Universität Leipzig and Stephan Schreiber from IZI/UFZ.
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presence of contaminants in this library (for example, gut content due to the complete
animal sample), compared to the DNA obtained from muscle tissue used in FC2 and
FC3.
Two technical replicates mate-pairs libraries with insert size of 2Kb were additionally
constructed. A Covaris S2 instrument (Covaris Inc) was used with g-Tubes for DNA
shearing (fragmentation). The Illumina protocol for Mate Pair Library v2 Sample Prepa-
ration Guide for 2-5Kb libraries (Illumina Inc., U.S.A) was followed.
6.2.4 Read Quality Check and Preprocessing
After sequencing, 3’-adapter contamination was removed using cutadapt v1.1 (Mar-
tin, 2011) with option -e 0.15. Clipped reads shorter than 15 nt were discarded. FLASH
v1.0.3 (Magoč and Salzberg, 2011) was used to merge paired-end reads that were gen-
erated from DNA fragments shorter than twice the read length. To prevent spurious
merging, an overlap of ≥ 30 nt with a mismatch ratio ≤ 0.15 was required. Besides,
merging was prohibited in cases where the overlap comprises repetitive segments, i.e.,
a 24-mer occurring more than 100 times in the total clipped data. This prevented the
paired-end reads that overlap similar but genomically distant reoccurring motifs from
being merged. Afterwards, a custom in-house script (by Christian Otto) was used to
clean up the merged data. It was based upon the characteristics of paired-end sequenc-
ing, where either 3’ adapter sequences are not sequenced at all (i.e., if reads are gen-
erated from DNA fragments longer than the read length) or the length of 3’ adapters
contamination is expected to be the same in both mates. In the latter case, after remov-
ing adapter sequences, both mate sequences are expected to be reverse complementary
to each other. Hence the cleaning procedure could detect both cases of false positive and
false negative clippings as well as illegitimate mergings and resolve them appropriately.
Data that was preprocessed, clipped, and merged is hereafter denoted as "sequencing
data". It was used in all analyses, unless mentioned differently4. Basic statistics of the
data after processing with CASAVA (raw) and after both preprocessing steps are summa-
rized in Table 6.1.
6.2.5 Coverage Estimation
Approach 1: k-mer Spectra
Jellyfish 2.2.7 (Marçais and Kingsford, 2011) and the k-mer Analysis Toolkit (KAT
V2.4.0) by Mapleson et al. (2017) were used to compute the 15-, 17-, 23-, 27-, 31-, and
47-mer distribution on the sequencing data (FC2 + FC3).
4Data quality check and preprocessing steps were done by Christian Otto and Lorena Rivarola-Duarte,
both from Universität Leipzig for the survey sequencing data (FC1). For FC2 and FC3, these steps were
done exclusively by Lorena Rivarola-Duarte at Universität Leipzig and Helmholtz Zentrum München.
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TABLE 6.1: Genome sequencing data statistics for E. verrucosus. Statistics after
sequencing and processing with CASAVA (raw) and after clipping and merging.
It summarizes the type of reads –Paired-End (PE), Singled-end (SE), Mate-Pairs
(MP), Unpaired (UP)–, number of reads (in billions), number of bases, and the
average read length. The insert sizes for the Paired-End and Mate-Pairs libraries
were 180 and 2000 bp, respectively. Note that merging a paired-end read (PE)
resulted in a single-end read (SE) and that unpaired reads were the product of
one of the mate-pairs not satisfying quality and minimum length. The numbers
of processed reads for each library can be seen in Figure C.1 (page 141). Overall
quality for the raw and processed data can be seen in Figure C.2 (page 142). * Two
flow cells were sequenced with different read lengths: 100 and 104. These statis-
tics do not include the data from FC1 used in the survey. Crude yield numbers
for the survey sequencing data can be found in the subsection 6.2.3 (page 90).
Library Status Read Reads Bases Mean
Type Type (G) (Gb) Length (bp)
Paired-End Raw PE 6.71 686.20 102.23*
Processed all 4.44 427.18 96.15
PE 2.23 221.10 98.99
SE 2.21 206.08 93.27
Mate-pairs Raw MP 0.40 40.34 100
Processed all 0.36 32.42 89.82
MP 0.34 30.83 91.12
UP 0.02 1.59 70.28
TOTAL Processed all 4.80 459.60 95.67
Approach 2: NCBI Available E. verrucosus Sequences
A small number of non-repetitive DNA and mRNA sequences published in previous
studies were used: gapdh mRNA partial cds (Bedulina et al., 2013), myosin heavy chain
mRNA partial cds GenBank: AF474964.1 (Benson et al., 2013)) and heat shock protein
70 (hsp70) gene complete cds GenBank: JQ003919.1. After mapping the sequencing data
from FC1 (survey) with Segemehl (90% accuracy) to those sequences, the position-wise
coverage was calculated. The reads mapping at N loci were counted as 1/N to avoid
counting multiply-mapped reads multiple times.
Approach 3: miRNA
microRNAs are rather easily detectable already in unassembled genomic data due to
their small size and the extremely high level of sequence conservation. In Rivarola-
Duarte et al. (2014), Christian Otto compiled a set of 33 different precursors sequences
of E. verrucosus containing 38 mature sequences. The entire set of preprocessed DNA-
seq reads from FC1 (survey data) was mapped onto the assembled miRNA contigs using
bowtie2 (Langmead and Salzberg, 2012) in its local mode, where partial overlaps can be
detected as well. To control for spurious hits, any mapping was discarded if < 50% of
the read length was mapped onto the contig or if the accuracy of the mapping, i.e., the
fraction of matches in the alignment, was < 90%.
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Approach 4: Hox Genes Homeobox
In addition to microRNAs, the unassembled sequencing data was searched for the ten
Hox genes of the arthropod HOX cluster (Grenier et al., 1997). These key developmental
transcription factors contain the extremely well-conserved homeodomain with a length
of 60 amino acids. In Rivarola-Duarte et al. (2014), Christian Otto assembled (with a
crystallization -semi-automatic- procedure) contigs containing nine of the ten Hox genes
typically found in Arthropods. To analyze whether one of these Hox genes appeared
in multiple paralogous copies (and to check for possible genome duplications), the se-
quencing data from FC1 (survey) and from FC2 + FC3 were mapped (separately) onto
them using Segemehl (Hoffmann et al., 2009) with 90% accuracy for the survey (FC1),
and 95% for FC1 + FC2, and a position-wise coverage was calculated over the part of
the homeobox present on the contigs. NOTE: the format (upper case, lower case, italics)
in which the different hox genes are written was taken from Serano et al. (2016).
6.2.6 Repeat Analysis
Considering that repeated elements can be widely abundant in eukaryotic genomes
(Richard, Kerrest, and Dujon, 2008), the goal was to assess the classes and proportions
of the most abundant repetitive elements present in the genome of E. verrucosus.
Using Jellyfishv1.1.6 (Marçais and Kingsford, 2011), 24-mers that appeared more
than 500 000 times in our data were identified and assembled into 198 initial contigs
using SGA (Simpson and Durbin, 2012), requiring a perfect overlap of at least 20 nt, fol-
lowed by greedy extension5. These initial contigs were further reduced to 97 extended
contigs after manual curation to correct sequencing errors and collapse similar motifs
using ClustalW algorithm for multiple alignment with default parameters (Thompson
and Higgins, 1994) embedded in MEGAv.5.10 (Tamura et al., 2011) and Sequencher soft-
ware v4.8 (Gene Codes Corporation, Ann Arbor, U.S.A) with the parameters: dirty data
assembly algorithm, optimize gap placement and use re-aligner, minimum match per-
centage between 85-95% and minimum overlap between 20-70 bp. In order to redefine
the boundaries of these consensus sequences, mapping using Segemehl (Hoffmann et
al., 2009) with 90% accuracy and trimming to segments with a coverage ≥ 1000X were
performed. It resulted in a set of 96 final repeat contigs, and 41 core repeat sequences
were identified within the repeat contigs.
To identify low-complexity core repeats, the RepeatMasker web server (Smit, Hubley,
and Green, 2013) was used (Search Engine: NCBI/RMBLAST 2.9.0+, Database: CONS-
Dfam_3.0, vertebrata metazoa) and CENSOR-GIRI (Kohany et al., 2006) with parameters:
sequence source ALL, report simple repeats ON, mask pseudogenes ON. The parameter
’Force translated search’ was also tried.
5The initial selection of 24-mers and the greedy extension of repeats contigs were performed by Chris-
tian Otto. Further steps in the repeat content analysis were done by Lorena Rivarola-Duarte
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Additionally, the relative entropy (or Kullback-Leibler divergence) of the dinucleotide
content in the core repeat sequences compared to the background distribution in the
entire sequencing data was calculated. The evolutionary history was inferred using
MEGAv.5.10 with the Neighbor-Joining method (Saitou and Nei, 1987), including 1000
bootstrap samples. The evolutionary distances were computed using the Maximum
Composite Likelihood method (Tamura, Nei, and Kumar, 2004). All positions contain-
ing gaps and missing data were eliminated. The core repeat sequences were classified
into clusters according to the phylogenetic analysis. Annotation of these core repeat se-
quences was performed using the BLAST web service (Altschul et al., 1990) at NCBI with
parameters: BLASTN, nucleotide collection -nr/nt- database, optimized for ’somewhat
similar sequences’; and filter low complexity sequences OFF. Also TBLASTX was tested.
A search in the Ensembl genomes was also performed using BLASTN and TBLASTX with
the following parameters: E-values≤ 0.001, no filtering of low complexity regions, only
some species were selected (see Table C.8) since it is not possible to search against the
complete database in the web version of Ensembl (data retrieved on January 2021).
A k-mer based repeat analysis on the survey sequencing data was further conducted.
Given k, let S(k) be a k-mer set where w ∈ S(k) iff w is a nucleotide sequence of length k,
and w is a sub-string of a read sequence or the reverse complement of a read sequence
in the sequencing data. The frequency f (w) of each w ∈ S(k) is defined as the total
number of w in the read sequences or the reverse complement of read sequences. By
definition, the frequency of k-mers not occurring in the sequencing data is 0. The total
number n of k-mers in the read sequences (including the reverse complement) is given
by n = ∑w∈S(k) f (w).
Assuming a random reference G of length m with 4k  m, there are 2 · (m − k + 1)
k-mers from both strands of G and each k-mer is expected to occur at most once. The
probability of selecting a k-mer w from G is p = 1/(2 · (m− k + 1)). The frequency X
of a k-mer in the sequencing data after drawing read sequences with replacement from
G can be modeled by the binomial distribution X ∼ B(n, p) where n and p is the total
number of K-mers in the read sequences and the probability of selecting a k-mer from
G, respectively.
A k-mer w with f (w) = x was denoted as repetitive iff P(X ≥ x) < 0.01 since it would
be highly unlikely that w is unique in G. Let xmin be the minimal value of x such that
P(X ≥ x) < 0.01 holds. The set SR(k) of repetitive k-mers is given by SR(k) = {w |
w ∈ S(k) ∧ f (w) ≥ xmin}. Due to the classification, the repeat content C of S(k) was
calculated according to the following equation (6.1), and it was used as an estimate of
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6.2.7 de novo Assembly
Several approaches towards de novo genome assembly of the survey sequencing data of
E. verrucosus were tested6. Prior to any assembly, read sequences containing ambigu-
ous bases (e.g., N) and reads clearly derived from the mitogenome (≥ 90% accuracy)
were excluded7. The remaining reads constituted the first dataset used for assembly
(only reads from the survey FC1 -one lane-). For the second dataset, additionally, repet-
itive sub-sequences were removed (only reads from the survey FC1 -one lane-). More
precisely, 30-mers that appeared more than six times8 within the sequencing data were
identified using Jellyfishv.1.1.6 (Marçais and Kingsford, 2011), and read sequences
that comprised any of these 30-mers or their reverse complements were excluded. To
assemble both data sets, SOAPdenovov.1.05 (Li et al., 2010a) and Velvetv.1.2.08 (Zerbino
and Birney, 2008) with k-mer sizes 23 and 31 were used. The same approach used
for dataset 2 was used for dataset 3, consisting of reads from FC2 (7 complete Illu-
mina lanes) without mitogenomic reads and with repetitive sub-sequences removed. A
fourth dataset was used at the end: the combination of the data from FC2 and FC3 (14
lanes in total from 2 flow cells). It contains a mate-pairs library with a 2kb insert size.
Here the repetitive content was not filtered out. SOAPdenovo2-r241 (Luo et al., 2012)
with k-mer sizes 23, 31, 39, 41, 43, 45, 47 and 63 was run. The assemblies were evaluated
using common measures such as N50 and the number of contigs longer than 200 bp and
1 kb.
The proportion and completeness of widely shared single-copy orthologous genes iden-
tified in a genome assembly is a valuable indicator of assembly quality (Li et al., 2019).
The open-source software BUSCO "Benchmarking Universal Single-Copy Orthologs" (Simão
et al., 2015) is a more recently developed pipeline similar to CEGMA "Core Eukaryotic
Genes Mapping Approach" pipeline (Parra, Korf, and Bradnam, 2007), but notably ex-
tended beyond a few hundred genes, and it is more stringent than messenger RNA
mapping, being intolerant of sequence errors and misoriented contigs (Li et al., 2019).
BUSCO uses diverse orthologous gene sets for different groups of species, offering sub-
stantial flexibility and increased information, depending on the taxonomic focus (Simão
et al., 2015; Li et al., 2019). In particular, BUSCO uses a set of 1066 1:1 orthologous genes
for arthropods. The quality of genome assembly is reflected by the percentage of these
orthologous genes that can be found in the assembled scaffolds (Simão et al., 2015; Wa-
terhouse et al., 2017).
6All assembly attempts were performed by Lorena Rivarola-Duarte using the cluster from the Bioinfor-
matics group at Universität Leipzig, as well as the PGSB cluster at Helmholtz Zentrum München.
7The mitogenome was assembled and annotated by Christian Otto in Rivarola-Duarte et al. (2014).
8The coverage in the survey data was calculated to be approximately 3 X. In this sense, if a 30-mer
appeared more than two times this coverage obtained, it was considered repetitive.
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6.2.8 Comparison to the Genome of Parhyale hawaiensis
The sequencing data from FC2 + FC3 was mapped with Segemehl 0.2.0 (Hoffmann et
al., 2009) with accuracy 85%, 90%, and 95% to the Parhyale hawaiensis genome9 version
Phaw3.010 (GCA_001587735.1, LQNS01000000) assembled on 2015 with ABySS v.1.9
and SSPACE based on Illumina HiSeq data from a single male (BioSample SAMN04252320)
with 115.0x coverage.
6.3 Results
6.3.1 Estimating the Genome Size
To estimate the size of the nuclear genome, it is common to use either experimental (C-
values in picograms obtained by FIAD or FCM) or k-mer based approaches, as applied,
for example, in the giant panda genome project (Li et al., 2010b). Additionally, the
overall coverage or at particular loci can be assessed and applied in the Lander and






C = Coverage, L = Read Length, N = Number of Reads, G = Haploid Genome Size
Part 1: k-mer Spectra
"A k-mer spectra is a graphical representation of a dataset showing how many short
fixed length words (k-mer) appear a certain number of times. The frequency of occu-
rance is plotted on the x-axis and the number of k-mer on the y-axis. The k-mer spectra
is composed of distributions representing groups of motifs at different frequencies in the
sample, plus biases. Given not too many biases, the shape of the distributions provides
a useful set of properties describing the biological sample, the sequencing process and
the amount of useful data in the dataset."11 In the figure 6.2 an ideal k-mer histogram
showing a normal distribution in ideal cases can be seen, together with special features
that can appear and what these signs mean.
The k-mer based approach done in the survey sequencing was not successful (data not
shown). However it gave interesting results when the full dataset of Eulimnogammarus
9Comparison to the genome of Parhyale hawaiensis was done by Lorena Rivarola-Duarte in 2018.
10A new version of this genome is available: Phaw_5.0, LQNS00000000.2, assembled in 2018 with Dove-
tail v. HiRise on Illumina data with 200.0x coverage (BioSample SAMN09005291) from that single male,
plus sequence reads from a group of animals belonging to the Chicago-F line. Unfortunately, the new
version appeared after the comparison analysis was done.
11KAT documentation by Mapleson et al. (2017) https://kat.readthedocs.io/en/latest/kmer.html
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FIGURE 6.2: k-mer spectra ideal distribution. The curve of the k-mer histogram
shows a normal distribution in ideal cases, provided that the depth of the read is
sufficient. If there are sequencing errors in the reads, an exponentially decreasing
curve is produced. The humps beyond the normal distribution peak are gener-
ated due to the repetitive structures and copy-gained regions. In the plot, a small
peak resulting from heterozygous alleles appears below the main peak. The black
dots are example of real data, and the exponential (erroneous; red) and Gaussian
(error-free; orange, blue, green and purple) functions are ideal case curves. The
gray line (sum of ideal cases) is similar to the real data (black dots). Figure origi-
nally published in Sohn and Nam (2018). License obtained for its reproduction in
this dissertation.
verrucosus was used, even when the peaks were not so easy to see due to the long tail
of repetitive content. For most of the k-mers chosen, the approach was not successful
in discriminating sequencing errors from the coverage in unique regions (see the Figure
C.4 in page 143); except for a glimpse of a peak when looking extremely carefully in the
15-mer spectra (Figure 6.3). In this spectra two peaks are (lightly) visible: one at 12 X
k-mer depth, representing heterozygosity, and one at 39 X, the main peak. The later is
used to calculate the coverage based on the equation 6.3 to convert k-mer depth to read
depth. Given a k-mer depth of 39.02± 13.76 X, the read depth was calculated as 45.71 X,
giving a genome size, using the equation 6.2, of 10.05Gb. This number, even with a high
standard deviation due to the fact that the homozygous peak in this plot is not highly
defined, was confirmed later with the Homeobox coverage analysis.
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FIGURE 6.3: 15-mer spectra. The tool KAT (Mapleson et al., 2017), based on the
peak analysis in HIST mode, marked that the k-mer depth was of 39.02 ± 13.76 X.
Using the equation 6.3, this k-mer depth was converted to read depth or coverage:
45.71 X, giving a genome size, using the equation 6.2, of 10.05Gb. This number,
even with a high standard deviation due to the fact that the homozygous peak in
this plot is not highly defined, was confirmed later with the Homeobox coverage
analysis. Note the peak at around 12 X k-mer depth, this one represents the het-
erozygosity. KAT was not able to identify a peak (and therefore no k-mer depth
could be calculated) for the other k-mers tested (17, 23, 31, 41).
Conversion of k-mer depth to read depth equation
N =
M · L
L− K + 1 (6.3)
N = Read Depth, L = Read Length, M = k-mer Depth, K = k-mer Size
Part 2: Use of Available Sequences for Coverage Estimation
The position-wise coverage over the sequences gapdh, myosin, and hsp70 is shown in
the Figure C.5 in page 144. To avoid a bias in the coverage calculation, the coverage at
the first and last 100 bases was excluded (gray-shaded in Figure C.5) since the coverage
naturally decays towards the ends. Moreover, in hsp70, two internal segments (shaded
in gray) were not considered in the analysis due to their high degree of multiple map-
pings. For example, the region 1143-1392 of the hsp70 gene is part of the promoter
region containing the GAGA-factor binding site (GAGA) and two heat shock elements
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-HSE- (gaatgttcattttaaatag and gaatgatctgaaaag) (Bedulina et al., 2013). HSE can
be found in many stress-inducible genes, and GAGA-factor binding site is also a com-
mon element in promoters (Gonsalves et al., 2011). The extreme increase of coverage in
the short region 530-574 cannot be explained by mapping full-length reads and hence
was discarded as a potential artifact. Taken together, the coverage was estimated as
2.96 ± 0.72 X. Note: this analysis was only done on the survey data, so only in one lane
of FC1.
Part 3: Use of miRNA for Coverage Estimation
To improve this preliminary estimate of the overall genome coverage, additional ge-
nomic regions that (i) can be identified already in unassembled data and (ii) are likely
to be unique in the genome were searched.
MicroRNAs are particularly well-suited for this analysis because mature miRNA se-
quences are very short but highly conserved and thus can readily be detected in the se-
quencing data. The microRNAs annotated in Rivarola-Duarte et al. (2014) were used for
this analysis. That dataset comprised the majority of the microRNA families known to
have been evolved before the split of crustaceans and insects (Hertel et al., 2006; Tanzer
et al., 2010; Campbell et al., 2011).
The position-wise coverage was estimated by mapping the sequencing data (with 90%
accuracy) to the contigs containing microRNA precursors using Segemehl (Hoffmann et
al., 2009). The coverage distribution of each mature miRNA of E. verrucosus, illustrated
as box-whisker plots, can be seen in Figure C.9 in page 146. In the right-hand side
panel of that figure, additionally, the distribution of the mean coverage values for the
individual mature microRNAs is shown. The average of this distribution served as
an average of the overall genome coverage for the survey data (FC1, one lane). The
obtained coverage value of 2.92 ± 0.27 X was consistent with, but more accurate than,
the estimate obtained from the few protein-coding loci mentioned in the Part 2, page
98. With a yield of 28.8 Gb preprocessed sequencing data for the survey data (FC1, one
lane), the genome size of E. verrucosus could be estimated at 9.96 ± 0.92 Gb (Rivarola-
Duarte et al., 2014).
Note: this value might be slightly overestimated due to the presence of reads derived
from contaminants in the sample (remember that the DNA used in the survey sequenc-
ing was obtained from a complete specimen). However, it can be estimated that these
account for less than 5% of the data, i.e., at most half of a standard deviation.
Part 4: Hox Genes for Coverage Estimation
The Hox genes are a group of transcription factors with key roles in animal develop-
ment that are arranged in a single gene cluster in most bilaterian animals. Arthropods
typically harbor ten genes (Grenier et al., 1997). Hox genes have been used as indicators
for large-scale duplications in the past (Ruddle et al., 1999; Crow et al., 2006), and hence
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FIGURE 6.4: Box-whisker plots of the position-wise coverage over the home-
obox present on the Hox gene contigs of E. verrucosus. Processed reads were
mapped with Segemehl (95% accuracy) to the 9 annotated Hox gene contigs pub-
lished on Rivarola-Duarte et al. (2014). The overall average was 46,15 ± 19,93
standard deviation.
they can also indicate whether genome duplication(s) has/have contributed to the large
genome size of E. verrucosus. In Rivarola-Duarte et al. (2014), Christian Otto used a
semi-automatic procedure to assemble the exonic regions of Eve hox genes. The ab-
sence of ambiguous extensions or coherent sequence variation indicated that the reads
containing biological variation did not play a role during the extension. The median
size of the resulting contigs was 430 nt. Except for Ubx, the peripheral regions of con-
tig sequences showed only minor similarity to D. pulex, pointing to either a much less
conserved exonic or more likely an intronic region.
It was not possible to identify any read in the sequencing data clearly originating from
the Hox gene Ftz, nor on the survey data, neither on the full dataset of FC2 + FC3. Ftz
might be absent in E. verrucosus, since so far, no Ftz gene has been identified in any
member of the Malacostraca (Deutsch and Mouchel-Vielh, 2003). It was also not found
on the genome of Parhyale hawaiensis (Serano et al., 2016).
It was investigated whether one of the Hox genes might be present in multiple paralo-
gous copies in the genome of E. verrucosus by analyzing the sequencing coverage over
the homeobox and illustrating it gene-wise as Box-Whisker plots (see Figure 6.4).
The average coverage of about 3 X in the survey data on Rivarola-Duarte et al. (2014)
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FIGURE 6.5: CENSOR-GIRI result for the Eve hox gene pb. pb shows a higher
coverage than the other hox genes in positions 173–305. The DNA transposon
MuDR-103_OS matched with the positions 182–244 and 258–320 from Eve pb gene,
while the homeobox is located on 173–219.
was consistent with the microRNA-based estimate. The average coverage calculated on
the full dataset (FC2 + FC3) was 45.97 ± 5.92 X based on the average of the distribution
of coverage means. With this coverage value, and considering the processed data from
FC2 + FC3, the genome size of E. verrucosus can be estimated as 9.99± 1.29 X, consistent
with the value calculated in the survey sequencing paper, 9.96± 0.92 X based on miRNA
(Rivarola-Duarte et al., 2014) The Gaussian kernel-smoothed density curve can be seen
in Figure C.8 in page 145.
Note: the mean coverage values for the homeobox of the genes pb and Ubx were not
considered on the average calculation (if they would be taken in, the coverage would
be 45.24 ± 15.71 X, very similar but with a higher standard deviation). This was be-
cause, for example, the region on the gene pb with a extremely high coverage (positions
173–305, with the homeobox on 173–219) presents a certain similarity with a DNA trans-
poson from rice (MuDR-103_OS) according to CENSOR-GIRI (Figure 6.5).
Gene duplication, outside the vertebrates, has been observed e.g., for several Hox genes
in Chelicerata (Schwager et al., 2007) and the Zen gene in some flies (Stauber, Jäckle,
and Schmidt-Ott, 1999). The fact that only pb presents an unusual larger average (but
the biggest standard deviation) might indicate that no large-scale genome duplication
has occurred in Eve since this would affect other Hox genes as well. To detect such an
event, it would be necessary to assemble the Hox genes entirely with distinct peripheral
genomic regions (and all the introns). Not an easy task, considering how fragmented
the assemblies have been. See the Section de novo Assembly (6.3.4) in page 108 for more
details about this fragmentation.
It is necessary to point out that, on the survey (FC1, one lane) and on the full dataset
(FC2 + FC3), the mean coverage for Ubx was the smallest. This was expected due to
the length of this gene contig (162bp) in comparison with at least 378bp for the other
genes -mean length 430bp- (and up to 624bp in the case of Dfd). For this reason, it was
not included in the overall coverage calculation mentioned above. The position-wise
coverage estimated on the complete hox genes (not just the homeobox section) can be
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FIGURE 6.6: View of reads mapping to the hox gene src. Several consistent
SNPs can be seen. Reference: hox contigs assembled based on 3 X data. The reads
mapped with 95% accuracy (Segemehl) belong to the full dataset (FC2 + FC3 46 X).
Done with IGV 2.8.13 http://software.broadinstitute.org/software/igv/
Credits.
seen in the Figures C.6 and C.7 in the pages 144–145. Note also that the overall average
for the hox contigs is lower than for the homeobox alone because the ends of each contig
(where the coverage usually drops) were not removed from the calculation.
After closer inspection of the reads from FC2 and FC3 (46 X) mapping (with 95% accu-
racy with Segemehl) to the hox contigs assembled in 2013 based on only one lane (FC1)
of data (3 X), it is clear that these contigs need to be re-evaluated12. Several consistent
SNPs were seen (for example, see Figure 6.6 for src and Figures C.12 and C.13 for zen,
Antp, Dfd, and Abd-B). A new semi-automated assembly of the hox genes should be
performed, and the reads from the full dataset should be re-mapped to this new assem-
bly. A consensus closer to the real sequences for Eve might lead to more reads being
mapped, a higher coverage, and thus, a smaller genome size.
6.3.2 Comparison to the Genome of Parhyale hawaiensis
After mapping the sequencing data from the complete dataset (FC2 + FC3) to the version
Phaw3.0 of the genome of Parhyale hawaiensis (size 3.6 Gb) with 85%, 90%, and 95%
accuracy (Segemehl) only 2.42, 1.77 and 1.35% of reads found a place into their cousin
genome. The locations in P. hawaiensis that received the highest amounts of reads from
E. verrucosus were LQNS01006040.1 and LQNS01016058.1 (see Table 6.2). These two
locations were analyzed with CENSOR-GIRI (Kohany et al., 2006), and the results show
12The coverage of the hox contigs with reads mapping with 90% accuracy was surprisingly lower than
with 95% accuracy, and several artifacts were seen, for example, blocks of reads of 15nt long, that should
not be on the full dataset due to their short length.
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TABLE 6.2: Top 10 Parhyale hawaiensis location matched. Eve reads were
mapped against the genome of P. hawaiensis (LQNS01000000) with Segemehl with
accuracy (A) 95, 90, and 85%. Note that the highest number of reads mapped to
the sequence LQNS01006040.1.
Reads A95 A95: Pha Contig Reads A90 A90: Pha Contig Reads A85 A85: Pha Contig
4624095 LQNS01016058.1 8842881 LQNS01006040.1 24241381 LQNS01006040.1
4513387 LQNS01003849.1 4527013 LQNS01003849.1 4203093 LQNS01016058.1
1894338 LQNS01006040.1 4326725 LQNS01016058.1 2651187 LQNS01011256.1
1734115 LQNS01048262.1 1942490 LQNS01336156.1 2295475 LQNS01003849.1
1386458 LQNS01204258.1 1916421 LQNS01204258.1 2240251 LQNS01012828.1
1011512 LQNS01309650.1 1331574 LQNS01048262.1 2101746 LQNS01204258.1
982996 LQNS01004985.1 1260438 LQNS01003181.1 2026157 LQNS01017561.1
767242 LQNS01027446.1 1217571 LQNS01027446.1 1479760 LQNS01003181.1
736868 LQNS01050058.1 1012881 LQNS01309650.1 1427076 LQNS01336156.1
670882 LQNS01005034.1 873000 LQNS01320193.1 1274497 LQNS01027446.1
between 39 and 117 different repeat elements (Tables 6.3 and 6.4). This makes sense
considering the high amount of repetitive content that can be found in Eve.
6.3.3 Repeat Content, Annotation, and Distribution
The most abundant repetitive sequences, as determined from the most over-represented
24-mer sequences, fell into just five classes denoted A to E (see Section 6.2.6 in Materials
& Methods, page 93, for details). A number of core repeat sequences and repeat contigs
was associated with each repeat cluster (see Table C.6). All core repeat sequences and
repeat contigs can be found in the Electronic Supplementary Material in page 153.
Group C accounted for low-complexity sequences and comprises a variety of tandem
repeats and other very low entropy sequences. Five of these matched microsatellite
motifs also observed in other species. The entropy calculation results and tandem repeat
search, including the repeated motif and the RepeatMasker score, are listed in Table C.7
in page 149. A phylogenetic tree of the core repeat sequences (excluding cluster C) is
shown in Figure C.10 in page 147 (see Figure C.11 for the complete tree in page 148).
The four groups appeared to be unrelated, with the possible exception of groups D and
E.
A BLASTN- and TBLASTX-based search against the NCBI nr/nt and ENSEMBL genomes
was conducted. No results were found against NCBI nr/nt nor with BLASTN neither with
TBLASTX. No significant results were found against ENSEMBL genomes using BLASTN.
The only results were found using TBLASTX on Ensembl genomes (E-value ≤ 0.001), for
the repeats of the cluster A (A1, A2, A3, and A4) as well as D (D1, D2), but not for E, B1,
B2 nor B4. The top results can be seen in Table C.8 in page 150. The full results can be
found in the Electronic Supplementary Material in page 153.
Members of cluster C and B (B2, B3), could be identified as a member of a previously
described repeat family with CENSOR-GIRI (Kohany et al., 2006). See the Tables 6.5 and
6.6. CENSOR-GIRI only showed matches for B2 and B3 as snRNA when forced trans-
lated search was used. In Figure 6.7, the aminoacids alignments for the sequences B2
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TABLE 6.3: Repeats annotation for the Pha genome location LQNS01006040.1.
This location is the one with the biggest amount of reads from Eve mapping with
90% and 85% accuracy. Results from CENSOR-GIRI (Kohany et al., 2006) with the
parameters: Sequence source All, Force translated search, Report simple repeats,
Mask pseudogenes.
Repeat Class Fragments Length

















Total of Transposable Elements 117 43985
TABLE 6.4: Repeats annotation for the Pha genome location LQNS01016058.1.
This location is the one with the biggest amount of reads from Eve mapping with
95% accuracy. Results from CENSOR-GIRI (Kohany et al., 2006) with the param-
eters: Sequence source All, Force translated search, Report simple repeats, Mask
pseudogenes.
Repeat Class Fragments Length
SIMPLE REPEAT 1 510
Satellite 1 510
SAT 1 510
TRANSPOSABLE ELEMENT 38 9503







LTR Retrotransposon 2 298
Copia 1 115
Gypsy 1 183







TABLE 6.5: Core Eve repeats annotation (1). The consensus sequences
representing the repeats clusters A, B, C, D, and E were analyzed with
CENSOR-GIRI (Kohany et al., 2006) with the parameters: Sequence source All, Re-
port simple repeats, Mask pseudogene, and Force translated search. * Amphipoda,
** Eumalacostraca, *** Arthropoda, **** EnSpm-2_SIt, EnSpm-43_OS. See the Elec-
tronic Supplementary Material in page 153 for more information about the anno-
tation/origin.
Repeat Class Fragments Length Cluster Species of Origin
MULTICOPY GENE 2 123
snRNA, E2, U4B 2 123 B2, B3 Homo sapiens, human
SIMPLE REPEAT 1 108
Satellite, IMPB_01 1 108 C8 Mus musculus, mouse
TRANSPOSABLE ELEMENT 12 1801
DNA transposon 9 1408
DNA-5_PH 1 96 C27 Parhyale hawaiensis*
TE-18_LVa 1 513 C1, C22 Litopenaeus vannamei**
EnSpm/CACTA**** 2 269 C20, C25 Setaria italica, Oriza sativa
Helitron, Helitron-N2_DT 1 159 C2 Drosophila takahashii***
Polinton, Polinton-1_DR 2 266 C5, C9 Danio rerio, zebrafish
hAT, hAT-5524_Ami 1 105 C29 Alligator mississippiensis
LTR Retrotransposon 1 156
Gypsy, Gypsy-31_OL-LTR 1 156 C12 Oryzias latipes, rice fish
Non-LTR Retrotransposon 2 237
L2, L2-33_Hro 1 108 C18 Helobdella robusta, leech
Penelope, I1_As 1 129 C24 Adineta, rotifer
Total 15 2032
vs. E2 snRNA and B3 vs. U4B snRNA can be seen. Repeat Masker was also used for
annotation. The results about cluster C can be seen in Table 6.7.
To estimate the approximate fraction of each repeat cluster in the genome of E. verruco-
sus, the sequencing data (full dataset FC2 + FC3) was mapped with Segemehl (Hoffmann
et al., 2009) to all repeat contigs, and the number of reads mapping to each cluster was
calculated (see Table C.6 in page 147 and Figure 6.8).
Depending on the accuracy (90 or 95%) during mapping, the major clusters A and B ob-
tain mappings of 23.85-14.53% and 28.61-27.30% of the sequencing reads, respectively.
Moreover, at least 4.84-3.78% of the reads originate from low-complexity sequences
(cluster C), and 3.02-1.58% of the reads were mapped to the repeat contigs of cluster
E. Overall, 62.51-48.05% of the reads were mapped to these most abundant five repeats
clusters and hence represented the fraction of these repetitive elements in the genome
of E. verrucosus. The percentage of adequately paired reads as a measure of quality and
correctness of the mapping (of course, only for the PE reads and not the merged ones)
was 74.70%–88.37% for mapping accuracy 95%–90%.
In addition to the lower bound of the repeat content calculated using the most abundant
repeat classes, another repeat content analysis was conducted based on 30-mers, de-
scribed in the Methods section 6.2.6 in page 93 (only for the survey data FC1, one lane).
The analysis classified the 30-mers into repetitive and non-repetitive 30-mers based on
their frequency in the sequencing data. Here, any 30-mer occurring more than six times
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TABLE 6.6: Core Eve repeats annotation (2). The consensus sequences
representing the repeats clusters A, B, C, D, and E were analyzed with
CENSOR-GIRI (Kohany et al., 2006) with the parameters: Sequence source All,
Report simple repeats, Mask pseudogenes (No Force translated search used). *
Eumalacostraca. ** Arthropoda. See the Electronic Supplementary Material in page
153 for more information about the annotation/origin.
Repeat Class Fragments Length Cluster Species of Origin
INTEGRATED VIRUS 1 105
DNA Virus, DNAVf_LVa 1 105 C18 Litopenaeus vannamei, shrimp*
SIMPLE REPEAT 1 97
Satellite 1 97
MSAT, MICRO-1_AAe 1 97 C26 Aedes aegypti, mosquito**
TRANSPOSABLE ELEMENT 11 1134
DNA transposon 6 647
Mariner/Tc1, Mariner-3_PTric 1 118 C28 Puccinia triticina, rust fungus
MuDR, MERMITE18E 1 211 C3 Oriza sativa, rice
Polinton, Polinton-1_Dser 1 51 C22 Drosophila serrata, fruit fly**
Sola 1 62
Sola1, Sola1-1_AC 1 62 C1 Aplysia californica, sea slug
hAT, hAT-8_FV, hAT-N25_Crp 2 205 C29, C30 Fragaria vesca, Crocodylus porosus
Endogenous Retrovirus 1 108
ERV2, IAPLTR2a2_Mm 1 108 C20 Mus musculus, mouse
LTR Retrotransposon 2 213
Gypsy,68_PIT-I, 5J_OS-LTR 2 213 C16, C19 Oriza sativa, rice
Non-LTR Retrotransposon 2 166
Daphne, Daphne-7_HMM 2 166 C1, C2 Heliconius melpomene, butterfly**
Total 13 1336
FIGURE 6.7: Core repeat cluster B CENSOR-GIRI aminoacids alignment. E2 and
U4B are small nuclear RNA from Homo sapiens.
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Reads mapping to the repeats clusters A-E




A B C D E Reads NOT mapping to the main repeats




FIGURE 6.8: Reads abundance belonging to five major repeat clusters.
Frequency of reads in the sequencing data that can be mapped with Segemehl
(90% or 95% accuracy) to the repeat clusters. Based on these statistics, 5 clusters
of repetitive elements comprise between 48.05–62.51% of the sequenced genomic
data of E. verrucosus. (A) Overall percentual view of reads mapping to the repeats
clusters. (B) Proportions of reads mapping to the different repeat clusters. See
Table C.6 on page 147 for more details.
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TABLE 6.7: Core Eve repeats annotation (3). The consensus sequences repre-
senting the repeats clusters A, B, C, D and E were analyzed with Repeat Masker
(NCBI/rmblastn version 2.9.0+). *Most repeats fragmented by insertions or
deletions have been counted as one element. Master RepeatMasker Database: Re-
peatMaskerLib.embl (Complete Database: CONS-Dfam_3.0, vertebrata metazoa).
Repeat Type N° Elements* length % sequence
INTERSPERSED REPEATS: 4 413 bp 6.05
Retroelements 2 204 bp 2.99
LINEs: L2/CR1/Rex 1 55 bp 0.81
LTR elements: Retroviral 1 149 bp 2.18
DNA transposons 2 209 bp 3.06
SIMPLE REPEATS: 29 3542 bp 51.91
Total 33 3955 bp 57.96
(approximately two times the coverage calculated for the survey data) was unlikely to
occur uniquely in the genomic sequence and hence denoted as repetitive. Consequently,
the repeat content of the sequencing data and hence of the genomic sequence of E. ver-
rucosus were estimated to 73.2%. The estimate might still not represent an upper bound
on the repeat content since sequencing errors could not be corrected prior to the analy-
sis due to insufficient coverage (survey data), which might lead to underestimating the
actual fraction of repetitive sequence.
6.3.4 de novo Assembly
Two different popular genome assembly tools were tested with different parameters and
various strategies to filter highly repetitive reads. N50 values exceeding 180 were not
reached (compared to the read length of ∼ 102), and the number of contigs longer than
10 Kbp remained extremely small (10 as maximum). Details on representative assem-
blies can be found in Table 6.8 for the assemblies performed with the full dataset (FC2 +
FC3, or dataset 4) and in Table 6.9 for dataset 1 (FC1, one lane with repetitive content),
dataset 2 (FC1, one lane without repetitive content) and dataset 3 (FC2, 7 lanes, without
repetitive content). The distribution of contigs lengths for the datasets 1, 2, and 3 can be
seen in Figure 6.9.
In the light of the low 3 X coverage of the dataset 1 and 2, the results were not satisfac-
tory and did not reach the quality of the seed and crystallization-based approaches that
were used to obtain the contigs of Hox genes, miRNAs, and the complete mitochon-
drial genome in Rivarola-Duarte et al. (2014). However, no fully automatic pipeline of
the crystallization approach was available yet, resulting in lots of manual work. The
newest assemblies based on the full dataset (FC2 + FC3) were better (due to the higher
coverage and the more recent version of the assembler) but still not satisfactory. They are
extremely fragmented, but with k-mer 63, the assembly size reached 5.6 Gbp (slightly
over half of the genome size calculated). The BUSCO results showed in Figure 6.10 and
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TABLE 6.9: de novo assembly statistics for SOAPdenovo and Velvet. In Dataset
1 reads with ambiguous bases (e.g., Ns) and reads clearly originated from mi-
togenome were filtered (see Methods for details). In Dataset 2, moreover, reads
containing repetitive sub-sequences were discarded. The N50 values and the
number or contigs bigger than 1000 bp were not satisfactory. Velvet failed pro-
cessing Dataset 1 due to memory allocation problems.
k-mer N-50 Max ctg # contigs
value (bp) length > 200 bp > 1 kb > 5 kb
Dataset 1: FC1, One Illumina HiSeq2000 Lane (w/ repeats)
SOAPdenovo 31 152 25 464 1 786 035 5445 83
23 160 10 626 1 505 189 4671 61
Dataset 2: FC1, One Illumina HiSeq2000 Lane (w/o repeats)
SOAPdenovo 31 128 1 690 959 081 244 0
23 149 1 751 1 113 517 424 0
Velvet 31 145 1 574 1 052 758 171 0
23 117 1 673 931 335 283 0
Dataset 3: FC2, 7 Illumina HiSeq2000 Lanes (w/o repeats)
SOAPdenovo 31 215 8 122 2 726 847 33 840 41
23 193 7 386 1 929 540 22 231 12
Velvet 31 138 7 641 1 764 321 39 997 31





















contig length (bp) contig length (bp) contig length (bp)
FIGURE 6.9: Distribution of contig lengths.
Only very short contigs were obtained with state-of-the-art assemblers using the
data of a single Illumina lane (A). After removing reads from potential repetitive
elements, the assembly algorithms did not find any contig with more than 2kb
(B). Even the assembly of the read data from an entire HiSeq2000 flow cell did not
significantly improve the contig length (C).
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FIGURE 6.10: BUSCO assessment in the different assemblies.
Different k-mers were used in the SOAPdenovo algorithm (23, 31, 39, 41, 43, 45,
47 and 63). The best BUSCO results were obtained with k-mer 63 scaffold level,
without the use of the 2kbp insert-size mate-pairs (MP) library available (see Table
6.10). BUSCO 3.0.2 with lineage dataset arthropoda_odb9 (Creation date: 2017-
02-07, number of species: 60, number of BUSCOs: 1066), Genome mode.
TABLE 6.10: BUSCO results for the best SOAPdenovo assembly: k-mer 63, scaf-
fold level, no mate-pair data used. Information about the BUSCOs complete, frag-
mented and missing can be found on the Electronic Supplementary Material in
page 153.
BUSCO Number
Complete BUSCOs (C) 125
Complete and single-copy BUSCOs (S) 122
Complete and duplicated BUSCOs (D) 3
Fragmented BUSCOs (F) 398
Missing BUSCOs (M) 543
Total BUSCO groups searched 1066
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6.4 Discussion
The survey of the E. verrucosus genome in Rivarola-Duarte et al. (2014) presented the first
large-scale investigation about the genomics of a species endemic to Lake Baikal. With
a size of about 10 G, the E. verrucosus genome appears to be much more typical for crus-
taceans than the compact genome of Daphnia pulex, the only fully sequenced crustacean
available at that time (see the Tables C.1 in page 137 and 3.3 in page 27). Comprehensive
genomic resources are of utmost importance for ecotoxicological and ecophysiological
studies in an evolutionary context. To estimate, for instance, the effects of drastic envi-
ronmental changes at Lake Baikal on the endemic species due to global warming, it is
crucial to comprehensively investigate their stress response systems compared to that
of their Holarctic relatives.
However, the large size of the genome and the dominating contribution of just a few
families of repetitive elements, poses a series of difficult methodological and technical
problems. Not surprisingly, for instance, the attempts of de novo assembly of the survey
sequencing data (one lane) neither of the full data set (FC2 + FC3) did not yield robust
results since the immense repeat content generated a long and very heavy tail in the
k-mer distribution that made the usual strategies for data processing inapplicable. Even
after removing the repetitive portion of the survey sequencing data, any assembly at-
tempt did not succeed due to fragmentation by removing the highly abundant repeats
in conjunction with the low sequencing coverage in the survey sequencing data.
The extreme repeat content also renders mate-pair sequencing inefficient as the major-
ity of the mate-pairs will have at least one end in the repetitive regions, making them
less informative. In this case, expressed mRNAs of additional transcriptome sequencing
data might provide long-range scaffolding information (outside repetitive regions) that
can complement mate-pair information. Although it appears infeasible to obtain a fin-
ished assembly for a genome of the size and repeat content of E. verrucosus, at least with
the moderate resources available to most institutions, it is of utmost importance to gain
insight into such very large genomes, typical for many invertebrate groups. The restric-
tion to model organisms with exceptionally small genomes, which has been the norm
due to technical and methodological considerations, is likely to paint a quite distorted
picture of genome evolution. A hint that very large genomes might exhibit organiza-
tional differences comes, for example, from the intriguing observation that the ∼ 13 Gb
genome of the grasshopper Chortippus parallelus shows DNA methylation levels other-
wise seen only for vertebrates (Lechner et al., 2013).
Nevertheless, The unassembled survey data (one lane), conveyed interesting informa-
tion even at low coverage (3 X). Beyond an estimate of the genome size and the analysis
of the repeat content, it was possible to accomplish the annotation of 33 microRNA
genes, the investigation of the highly conserved part of 9 Hox genes, including conser-
vation of intron-exon junctions by comparison with Daphnia pulex, and the assembly
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of the complete mitochondrial genome of E. verrucosus13 (Rivarola-Duarte et al., 2014).
The genome size (∼ 10 Gbp) and the abundance of repeats were confirmed with the
data coming from FC2 + FC3 (46 X). In the practical absence of significant homology-
related sequences in the databases, some of the repeats families found in high abun-
dance in E. verrucosus seem to be species-specific, or at least, Baikalian-specific. More
species need to be sequenced in order to shed light on this topic. For most of the sources
used to annotate the repeat clusters (all homology-based: NCBI nr/nt, CENSOR-GIRI,
RepeatMasker, and Ensembl genomes), the main results were about the C core repeat
group (low complexity, simple repeats). However, no strict ab initio prediction method
was used so far to predict structural features of the repetitive sequence to identify
novel repeat sequences on the assemblies generated. For example, RepeatModeler14 -
RepeatModeler2 (Flynn et al., 2020), a de novo transposable element (TE) family identifi-
cation and modeling package, could be tested on the data as well as RepeatExplorer15
(Novák, Neumann, and Macas, 2010; Novák et al., 2013). For most insect genomes, both
homology searching and ab initio method are used, producing a comprehensive dataset
of repeat sequences (Liu, 2014; Li et al., 2019). A better assembly should be produced in
order to obtain reliable results from these tools.
It is important to note that the genome size estimation based on the k-mer spectra and
on the coverage of miRNA, homeobox from Hox genes, and Sanger-sequenced regions
from Eve (thus, four independent methods) is much larger than the values obtained by
Jeffery, Yampolsky, and Gregory (2016) of 6.10 pg with Feulgen Image Analysis Densit-
ometry (FIAD) or 7.13 with Flow Cytometry (FCM), both gold standards for C-values
determinations16. Based on the work from Jeffery, Jardine, and Gregory (2013) about
genome sizes in sponges using FIAD and FCM, it is known that the two methods give
consistent results. However, larger genomes tended to be estimated at higher values
(about 18%) by FCM as compared with FIAD (Jeffery, Jardine, and Gregory, 2013). The
conversion of pg to Gb can only account for about a 3% variation in the genome size.
Jeffery, Yampolsky, and Gregory (2016) pointed out that irrespective of the method used,
it is also possible that cryptic species within Lake Baikal differ in genome size (Väinölä
and Kamaltynov, 1999). However, the specimens for both studies were collected at Bol-
shie Koty17, and according to the COI- and 18S rDNA-based results, described in detail
in Chapter 4 about "Population Analysis", the individuals sampled at that location clus-
tered together in all the analysis, even for samples from different years. In this sense, no
population (or cryptic species) genetic variation could be attributed as the main cause
of the genome size estimation difference. It would be interesting, nevertheless, to per-
form FIAD/FCM and to sequence genomic material from E. verrucosus individuals from
13The assemble and annotation of miRNAs, Hox genes, and mitogenome were not described in detail
here because they were done mainly by Christian Otto and therefore included in his dissertation.
14http://www.repeatmasker.org/RepeatModeler/
15http://repeatexplorer.org/
16These FIAD and FCM values correspond to 5,965 Gbp and 6,973 Gbp, respectively, after transforming
the pg to bp based on the Dolezel et al. (2003) formula 1pg = 978Mbp.
17According to private communication with Nicholas Jeffery and Lev Yampolsky.
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other locations in the lake, like the east shore or the south of Baikal, to corroborate the
in silico estimation and the wet lab results.
Another possible explanation could be a strong systematic bias in the highly repeti-
tive sequences that enriches these sequences in the library and/or sequencing, leading
to a bioinformatics estimate that is too large. In this case, if this is the reason, it hap-
pened in the survey data and in the full dataset (FC2 + FC3). While FCM and k-mers
based methods have sometimes yielded similar results, for example on Nygaard et al.
(2011) and Wang et al. (2014), in other cases there are dissimilarities. In the article by
Mao et al. (2020) the genomes sizes estimated for the insects Calliptamus abbreviatus and
Haplotropis brunneriana were about 0.28 and 0.26 pg smaller based on k-mer metrics, re-
spectively, than the flow cytometry values. Interestingly, their k-mer distributions were
more traditional than the one obtained for Eve, in the sense that a clear peak for coverage
calculation was found, even for C-values in the range of Eve: 9.64 and 14.45 pg. Con-
sidering this information, it seems that the bioinformatics and laboratory estimations
tend to differ in minor or major ways depending on the species studied. According to
Li et al. (2019), the size, or total length, of the genome assembly can be compared with
other independent estimates of genome size, such as from FCM (Doležel, Greilhuber,
and Suda, 2007; Galbraith et al., 1983; Galbraith et al., 2001) or k-mer analysis (Marçais
and Kingsford, 2011). Ideally, these two methods are likely to get very similar results,
but there is often some discrepancy (Li et al., 2019). If the assembly is smaller than ex-
pected, it is likely because it is incomplete or due to repeat collapse (Li et al., 2019). If the
assembly is larger than expected, this often reflects the fact that independent assembly
of haplotypes has resulted in redundancies (Drosophila 12 Genomes Consortium, 2007).
Here the less fragmented assembly yielded 5.6–5.7 Gb, but the calculation based on cov-
erage was 10Gb. If one examines the Figure 6.3 in page 98 in detail, once can see a peak
at around 12 X that is slightly higher than the one at 39 X. This first peak at 12 X repre-
sents heterozygosity, and in a typical k-mer distribution this peak is normally rejectable,
whereas here is quite prominent. Therefore the hypothesis of redundancy of haplotypes
could be valid and need to be tested, especially since, in the full dataset, different in-
dividuals were used for sequencing each flow cell, and the data was combined for all
the analyses. On the survey sequencing, even when the DNA material came from only
one individual, contamination with another amphipod DNA was found (possibly due
to this species’ scavenger eating habits), but it was estimated to be under 5% (Rivarola-
Duarte et al., 2014). Also, the estimation based on the coverage of the hox genes in
Eve needs to be re-done due to the new consistent SNPs found on the higher cover-
age data18. As mentioned before, an assembled consensus closer to the real sequences
for Eve accounting for the highly heterozygotic locus might lead to more reads being
mapped to these regions, obtaining an overall higher coverage, and thus, a (slighter?)
smaller genome size that might be more in concordance with the estimates based on
FIAD and FCM.
18The coverage based on miRNA could also be re-done on the full dataset (FC2 + FC3).
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The mapping against the genome of Parhyale hawaiensis did not offer a very promising
picture for comparative studies. The phylogenetic gap is still too deep, but at least
closer than the branchiopod Daphnia pulex. Two gammarids genomes were sequenced
recently: Gammarus lacustris with a genome size of 13.5 Gb, and an assembly of only 5.07
Gbp done with SOAPdenovo2 (Luo et al., 2012) using reads coming from Illumina HiSeq
200019 (Jin et al., 2019) and Gammarus roeselii (Cormier et al., 2020), with a genome size
of 3.239 Gbp using reads from Illumina HiSeq2500, HiSeq300 and MiSeq assembled
with MaSuRCA v3.2.7 (Zimin et al., 2013). They might provide more means to perform
comparative analysis and annotation for the Eve genome.
6.5 Conclusions
Eulimnogammarus verrucosus, an amphipod endemic to Lake Baikal’s unique ecosys-
tem, serves as an emerging model in ecotoxicological studies. The results presented
here have been the first massive step to establish genomic sequence resources for this
species. Based on the data from a survey of its genome (a single lane of paired-end Illu-
mina reads, 3 X) and a full dataset (two complete flow cells, 46 X) the genome size was
estimated as nearly 10 Gb based on the k-mer spectra and the coverage of highly con-
served miRNA, hox genes and other Sanger-sequenced genes. At least two-thirds of the
genome are non-unique DNA, and no less than half of the genomic DNA is composed
of just five families of repetitive elements, including low complexity sequences. The an-
notation of these repeat groups was not an easy task since very few amphipod genomes
are available (the first amphipod genome was sequenced in 2016, and since then, only
six are found at the NCBI). They are not so large (in Gbp) as E. verrucosus, neither share
its long evolutionary history in isolation at remarkably constant abiotic conditions at
Baikal. Attempts to use off-the-shelf assembly tools on the available low coverage data
both before and after removal of highly repetitive components as well as on the full
dataset resulted in extremely fragmented assemblies. Nevertheless, the hox genes anal-
ysis showed no clear evidence for paralogs, indicating that a genome duplication did
not contribute to the large genome size. Other mate-pair libraries with bigger insert
sizes and long reads sequencing technology combined with semi-automated methods
for genome assembly, including transcriptomics data, might be necessary to obtain a
decent genome assembly of this species.
6.6 Scientific Output Associated with this Chapter
The content in this chapter is partially an updated and revised version of the article:
19Jin et al. (2019) also used HiSeq 2500 and PacBio RSII for transcriptome assemblies for better detection
of isoforms.
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"A First Glimpse at the Genome of the Baikalian Amphipod Eulimnogammarus verru-
cosus" in Journal of Experimental Zoology Part B: Molecular and Developmental Evo-
lution by Rivarola-Duarte et al. (2014) with Lorena Rivarola-Duarte and Christian Otto
as joined first authors.
Copyright © 2000-2019 by John Wiley & Sons, Inc. or related companies. All rights
reserved. Wiley authors retain certain reuse rights after signing the Copyright Transfer
Agreement (CTA): Republish an extract of the own published work and include the
article in the Author´s thesis as long as the re-used material constitutes less than half of




Lake Baikal is the oldest, by volume, the largest, and the deepest freshwater lake on
Earth. It has provided a stable environment for millions of years, enabling the evolution
and development of outstanding biodiversity, dominated by amphipods (Amphipoda,
Crustacea, Arthropoda). In contrast, the small, transient water bodies in the immediate
vicinity of Baikal present changing conditions and a completely different fauna, more
common in the Palearctic.
Eulimnogammarus verrucosus, E. cyaneus, and E. vittatus, in particular, serve as emerg-
ing models in ecotoxicological studies. It was, then, necessary to investigate whether
these endemic littoral amphipods species form genetically separate populations across
Baikal, to scrutinize if the results obtained –for example, about stress responses– with
samples from one single location (Bolshie Koty, where the biological station is located),
could be extrapolated to the complete lake or not. The COI and 18S rDNA genetic di-
versity within those three endemic littoral amphipod species, with Gammarus lacustris
(Holarctic) as a comparison, indicates that E. verrucosus and E. vittatus might be cryptic,
morphologically highly similar species, and that the inflows/outflow of large rivers act
as dispersal barriers blocking the gene flow. On the contrary, E. cyaneus is, or was until
recently, able to maintain gene flow across the lake enabled by species-specific behav-
ioral (temperature preferences, reproduction times, vertical or horizontal migration at
the shore, etc.) and/or physiological adaptations (e. g., metabolic rate).
In an attempt to gain more insights and explain the immiscibility barrier between Lake
Baikal and non-Baikal environments faunas, the differences in the stress response path-
ways were studied. To this end, exposure experiments to increasing temperature and
a heavy metal (cadmium) as proteotoxic stressors were conducted in Russia. High-
quality de novo transcriptome assemblies were obtained, covering multiple conditions,
for three amphipod species: E. verrucosus and E. cyaneus –Baikal endemics–, and G. la-
custris –Holarctic– as a potential invader. After comparing the transcriptomic stress
responses, it was found that both Baikal species possess intact stress response systems
and respond to elevated temperature with relatively similar changes in their expres-
sion profiles. G. lacustris reacts less strongly to the same stressors, possibly because its
transcriptome is already perturbed by acclimation conditions (matching the Lake Baikal
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littoral). Based on the comparison of transcriptional profile changes, it can be then pos-
tulated that Baikal species possess more pronounced responses to these stressors than
the Holarctic species acclimated to the same conditions. It would be interesting to see
if specimens from other regions of the lake (where other haplotypes are present) show
similar stress responses to those sampled at Bolshie Koty. The transcriptome assemblies
produced here helped to identify the most appropriate hsp70 orthologs for biomonitor-
ing in non-model organisms (Drozdova et al., 2019b). They were also used for searching
specific protein-coding genes known to be involved in cellular stress responses, like
Hsp/Hsc70, and for primer design for quantitative PCR assays (Drozdova et al., 2019b;
Shatilina et al., 2020; Jakob et al., 2021).
As the last step in the process of unraveling the genetic secrets of Baikalian amphipods,
genomic material was sequenced for Eulimnogammarus verrucosus, first in the form of
a survey (3 X), and then more thoroughly (46 X). The results presented here have been
the first massive step to establish genomic sequence resources for a Baikalian amphipod
(other than mitochondrial genomes and gene expression data in the form of de novo
transcriptomes assemblies).
The genome size, based on the k-mer spectra, coverage of highly conserved miRNA, hox
genes, and other Sanger-sequenced genes, was estimated as nearly 10 Gb. This number
was no surprise considering the high variation in C-values in the Amphipoda Order and
the evidence from various animal taxa, including amphipods, that species inhabiting
polar regions possess larger genomes than their temperate counterparts (Jeffery, Yam-
polsky, and Gregory, 2016; Dufresne and Jeffery, 2011; Rees et al., 2007). Large genomes
might exist in Baikal amphipods due to environmental similarities between deep lakes
and the polar oceans (Martens, 1997; Rees et al., 2007; Jeffery, Yampolsky, and Gregory,
2016). However the value estimated do not match the C-values obtained with FIAD
6.10 pg and FCM 7.13 (gold standards) by Jeffery, Yampolsky, and Gregory (2016). As
indicated in the discussion in Chapter 6: Genomics of Eulimnogammarus verrucosus, Jef-
fery, Yampolsky, and Gregory (2016) pointed out that irrespective of the method used,
it is also possible that cryptic species within Lake Baikal differ in genome size (Väinölä
and Kamaltynov, 1999). However, the specimens for both studies were collected at Bol-
shie Koty, and according to the COI- and 18S rDNA-based results described in detail
in Chapter 4: Population Analysis, the individuals sampled at that location clustered
together in all the analysis, even for samples from different years. In this sense, no pop-
ulation (or cryptic species) genetic variation could be attributed as the leading cause of
the genome size estimation difference. It would be interesting, nevertheless, to perform
FIAD/FCM and to sequence genomic material from E. verrucosus individuals from other
locations in the lake, like the east shore or the south of Baikal, to corroborate the in silico
estimation and the wet lab results.
An overview of the repetitive content in the Eve genome was also obtained in this dis-
sertation. At least two-thirds are non-unique DNA, and no less than half of the genomic
DNA is composed of just five families of repetitive elements, including low complexity
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sequences. The high content of repeats together with the extremely fragmented assem-
blies and missing BUSCOs strongly suggest that the genome contains very large ”seas”
of repetitive sequences, which is, at present, unlikely to be bridgeable by alternative
sequencing technologies like PacBio, considering the error rate, low throughput, and
high cost. The annotation of these repeat groups was not an easy task since very few
amphipod genomes are available (the first amphipod genome was sequenced in 2016,
and since then, only six are currently found at the NCBI). These genomes are not so
large (in Gbp) as E. verrucosus, neither share its long evolutionary history in isolation
at extremely constant abiotic conditions at Baikal. Therefore, in the practical absence
of significant homology-related sequences in the databases, some of the repeats fam-
ilies found in high abundance in E. verrucosus seem to be species-specific, or at least,
Baikalian-specific. More Baikalian amphipod species would need to be sequenced to
shed light on this topic.
Attempts to use off-the-shelf assembly tools on the available short-reads low coverage
data both before and after the removal of highly repetitive components as well as on the
full dataset resulted in extremely fragmented assemblies. The unusually high repeat
content together with the atypical k-mer distribution effectively break standard genome
assembly pipelines. Even with these assembly issues –typical for large genomes with
high percentages of repeats– the analysis of coverage in Hox genes and their homeobox
showed no clear evidence for paralogs, indicating that a genome duplication did not
contribute to the large genome size for this species. Another Illumina mate-pair libraries
with several and bigger insert sizes than 2Kb, as well as long reads sequencing technol-
ogy (like PacBio, see Figure 3.2) combined with semi-automated methods –for example,
the crystallization procedure described in Otto (2015)– for genome assembly or simply
the use of assemblers tested in polyploid plants –like MaSuRCA (Zimin et al., 2013)–
might be necessary to bridge over repeats and obtain a reliable assembly for this species
with karyotype n = 26 (Salemaa and Kamaltynov, 1994a; Salemaa and Kamaltynov,
1994b).
The use of the third-generation sequencing techniques, which can produce long reads
(>10 kb), is a promising remedy (see Figure 3.2) to many computational challenges (Li
et al., 2019). However, in the opinion of Li et al. (2019), these techniques are far from ma-
ture. One of the downsides of long-read technologies is the quantity of high-molecular-
weight DNA required for the methods. In addition, these methods have high error rates
during sequencing, although error correction can rely on using overlapping raw sub-
reads to improve the base accuracy (Li et al., 2019).
Generally, PacBio requires more depth of coverage for better corrections (Li et al., 2019).
Jin et al. (2019) mentioned that PacBio genome sequencing failed to generate high-
quality sequences because of the difficulty to extract good genomic DNA from Gam-
marus lacustris. This could also be a problem for Eulimnogammarus verrucosus. For the
libraries prepared for this dissertation, it was necessary to use a modified DTAB-CTAB
protocol (Gustincich et al., 1991) method to extract DNA instead of commercial kits.
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Another alternative, and cheaper, could be to use the transcriptome data as anchoring
information, mapping it to the partial assembly using Segemehl (Hoffmann et al., 2009),
chosen here due to its superior performance with split reads. In contrast to mate-pair
data, transcripts could provide only ordering information but no length information.
Hence, it would be quasi-scaffolding rather than real scaffolding. Worth mentioning is
Hi-C technology (Dudchenko et al., 2017; Lieberman-Aiden et al., 2009; Rao et al., 2015),
which can assist genome assembly to the chromosome level without additional genetic
map information. Though it does not generate or improve existing contigs, this tech-
nology is useful for obtaining information with chromosome-length scaffolds (Li et al.,
2019).
In all the cases, the genomic sequencing data for this enormous genome can convey
interesting information, e.g., in gene structure, even when not properly assembled, if
enough manual bioinformatics work is done. Partial assemblies can provide (nearly)
complete sets of protein-coding genes, gene structures, a systematic overview of tran-
script variants, an outline of the repeat content (as shown here), and distribution and
comprehensive annotation of structured RNAs. However, some types of information
provided by finished genomes will, of course, remain beyond reach. First and foremost,
long-range synteny data will not be accessible. Nevertheless, some changes in gene
order for which genomic breakpoints are located in non-repetitive regions remain de-
tectable. Furthermore, partial information of intron size, particularly on the subset of








FIGURE A.1: Amphipod´s body schematics.
Gnathopods are also referred to as prehensile legs; Pereopods, as walking legs.
Figure based on the illustrations "Graphical abstract" and "Fig 1" from Shchapova
et al. (2019) under Creative Commons Attribution License International (4.0). Re-
designed (an amphipod silhouette was cropped and filled with the different col-
ors seen here) for this dissertation by Lorena Rivarola-Duarte using information
from Wikipedia https://commons.wikimedia.org/wiki/File:FMIB_46400_Amphipod_
(Gammarus_locusta).jpeg and from Prof. Jan Marcin Weslawski and Dr Joanna
Legeżyńska http://www.iopan.gda.pl/~wiktor/amphipoda/amphipodas.html
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FIGURE A.2: Holarctic vs Palearctic realms. The Holarctic biogeographic realm
(depicted in green) encompasses the majority of habitats found throughout the
northern continents of the world, combining Wallace’s Palearctic zoogeograph-
ical region (depicted in dark red), consisting of North Africa and all of Eura-
sia (with the exception of the southern Arabian Peninsula, Southeast Asia, and
the Indian subcontinent), and the Nearctic zoogeographical region, consisting of
North America and the north of Mexico. Figures obtained from Wikipedia un-
der Creative Commons Attribution License Share Alike (3.0) https://en.wikipedia.
org/wiki/Palearctic_realm#/media/File:Ecozone_Palearctic.svg and un-
der Creative Commons Public Domain Mark (1.0) https://en.wikipedia.org/
wiki/Holarctic_realm#/media/File:Holartico.png


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FIGURE A.3: COI-based Maximum likelihood tree.
Based on the alignment of the corresponding COI sequence fragments from the
four studied species, Eulimnogammarus verrucosus, E. vittatus, E. cyaneus, and
Gammarus lacustris with Brachyuropus grewingkii as outgroup species. The num-
bers at the nodes are SH-aLRT bootstrap values and approximate Bayes pos-
terior probabilities, respectively. Figure originally published on Gurkov et al.
(2019). This figure (complementary to the Figure 4.4 in page 48) can be found
in PDF format (to be zoomed to readable font size if reading the printed version






















FastQC: Mean Quality Scores
FIGURE B.1: FastQC: mean quality scores per base in the raw transcriptomic
data. All reads from all the libraries prepared in all the lanes and flow cells se-
quenced for the three species studied: Eulimnogammarus verrucosus, E. cyaneus,
and Gammarus lacustris are included in this plot. From 3024 FastQC files, 2984
passed the default quality criteria, 19 had warnings, and 21 failed. Plot done with
MultiQC 1.9 (Ewels et al., 2016).
Checks for Mislabeled Samples
To check for the consistency of samples and variability between replicates, the transcript
abundance data generated by mapping all samples to one transcriptome assembly was
used to perform principal component analysis (PCA). The two first principal compo-
nents showed a clear distinction between the species. The PCA plot (see Figure B.2) for
expression of all genes shows us that:
1. PC1 differentiates between Eulimnogammarus and Gammarus.
2. PC2 differentiates between E. verrucosus and E. cyaneus.
However, several samples were not located in the expected places on the plot. A pos-
sible explanation could be that two of the samples have been wrongly labeled during
the sampling routine in Russia or simply swapped during the library preparation. Also
one sample contained a mixture of material from two species; This could be a product
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FIGURE B.2: PCA analysis: all species, control vs. temperature. Figure orig-
inally published on Drozdova et al. (2019a) under Creative Commons Attribution
License International (4.0).
of RNA contamination during the laboratory procedures. In the Figure B.2, the prob-
lematic assignation of samples can be seen. Other samples not shown on this plot were
correctly attributed to the species. To check for potential wrong assignment of the sam-
ple to species, 18S rRNA sequences as a phylogenetic marker were analyzed. The 18S
sequences for these species are known (they can be found at the NCBI – Qiu, Y., Smith,
J.E., Sherbakov, D.Y. and Kamaltynov, R.M., unpublished) and were used as references.
FJ752394.1 Eulimnogammarus verrucosus voucher EVER8 18S ribosomal RNA gene,
partial sequence
FJ752393.1 Eulimnogammarus cyaneus voucher ECYA9 18S ribosomal RNA gene,
partial sequence
FJ752398.1 Gammarus lacustris voucher GLAC1 18S ribosomal RNA gene,
partial sequence











Appendix B. Transcriptomics 129
FIGURE B.3: Mapping rate: alignment of raw reads to each of the assemblies,
summarized by species. The percent of mapped reads was calculated by map-
ping raw reads of each species to each of the assemblies with Salmon v0.9.1
(Patro et al., 2017) and extracting the mapping rate from the Salmon output. Each
box plot summarizes ca. 60 values. Figure originally published on Drozdova et
al. (2019a) under Creative Commons Attribution License International (4.0).
Then these sequences were searched in the raw reads with bbmap1 against the three
species. Data for a subset of samples (including the most ”interesting” ones) can be seen
in Figures B.4 and B.5. Indeed, two samples were found that have been most probably
swapped and one more sample that potentially contained mixed materials from two
different species. The two swapped samples were renamed, while the mixed sample
was removed from further analysis. Ecy10LT3_3 and Gla10LT3_4 were renamed, and
GlaB24_1 was excluded from the analysis.
1bbduk https://sourceforge.net/projects/bbmap/
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Top over-represented sequence Sum of remaining over-represented sequences
FIGURE B.6: FastQC: over-represented sequences in the raw transcriptomic
data. All reads from all the libraries prepared in all the lanes and flow cells se-
quenced, for all the experiments (with replicates), from the three species stud-
ied: Eulimnogammarus verrucosus, E. cyaneus, and Gammarus lacustris. From 3024
FastQC files, 0 passed the default quality criteria, 2199 had warnings, and 825
failed. Plot done with MultiQC 1.9 (Ewels et al., 2016).
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FIGURE B.7: Transcripts of glutathione S transferase gene family. Abundance
of different transcripts encoding glutathione S transferases in different conditions.
TPM, transcript per million. The three-letter species designations, contig names,
and annotation are shown on the top of each plot. The conditions are listed along
the horizontal axis. B3, parallel control for the 3-hr treatments. B24, parallel con-
trol for the 24-hr treatments. 10LT3, LT10 treatment for 3 hrs. 10LT24, LT10 treat-
ment for 24 hrs. Cd3, LC10 CdCl2 treatment for 3 hrs. Cd24, LC10 CdCl2 treat-
ment for 24 hrs. Figure originally published on Drozdova et al. (2019a) under
Creative Commons Attribution License International (4.0).
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FIGURE B.8: Alignment of the sequences of the most abundant potential
MT metallothionein transcripts from E. verrucosus and E. cyaneus (the same as
shown in Figure 5.4 D) with the sequence from A. tomentosa a crustacean from the
Decapoda Order. Note the absolute conservation of the cysteine residues (shown
in violet). Figure originally published on Drozdova et al. (2019a) under Creative
Commons Attribution License International (4.0).
FIGURE B.9: Metallothionein transcripts (MT) Ecy. Abundance of different
transcripts encoding all MT-like transcripts in different conditions. TPM, tran-
script per million counts. The labels of the horizontal axis are the same as in
Figure B.7. Figure originally published on Drozdova et al. (2019a) under Creative
Commons Attribution License International (4.0).
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FIGURE B.10: Metallothionein transcripts (MT) Eve. Abundance of different
transcripts encoding all MT-like transcripts in different conditions. TPM, tran-
script per million counts. The labels of the horizontal axis are the same as in
Figure B.7. Figure originally published on Drozdova et al. (2019a) under Creative
Commons Attribution License International (4.0).
FIGURE B.11: Metallothionein transcripts (MT) Gla. Abundance of dif-
ferent transcripts encoding all MT-like transcripts in different conditions.
TPM, transcript per million counts. The labels of the horizontal axis are
the same as in Figure B.7. Figure originally published on Drozdova et al.




TABLE C.1: C-values (in picograms) in the tree of life.
The numbers for Amphipods are highlighted in bold letters. The values were
obtained from the "Animal Genome Size Database" (Gregory, 2020) –based on
FD Feulgen Densitometry, Flow Cytometry (FCM), or Feulgen Image Analysis
Densitometry (FIAD)–, "Plant DNA C-values Database" (Leitch et al., 2019) and
"Fungal Genome Size Database" (Kullman, Tamm, and Kullman, 2005). *For pro-
tists, bacteria and archaea, the genome sizes in MB were obtained from the NCBI
Genome database (NCBI, 2020) (only "complete" assembly level) and transformed
based on 1pg = 978 Mbp (Dolezel et al., 2003). See Figure 3.3 on page 26 for an-
other representation of this data.
Taxa group Min Max Difference Records Mean Std Dev
Mammals 1,630 8,40 6,77 810 3,20 0,84
Birds 0,910 2,16 1,25 897 1,36 0,17
Reptiles 1,050 5,44 4,39 420 2,28 0,68
Amphibians 0,950 120,60 119,65 928 18,95 18,97
Fishes Lobe-Finned 2,800 132,83 130,03 17 64,90 40,72
Fishes Ray-Finned 0,340 9,32 8,98 1823 1,27 0,77
Fishes Cartilaginous 1,510 17,05 15,54 183 5,56 2,79
Fishes Jawless 1,290 4,59 3,30 26 2,25 0,91
Non-vert. chordates 0,060 0,74 0,68 6 0,30 0,29
Crustaceans 0,140 64,62 64,48 407 5,12 7,86
Amphipods 0,680 64,62 63,94 68 6,80 9,99
Insects 0,070 16,93 16,86 1345 1,10 2,05
Arachnids 0,080 7,50 7,42 148 2,36 1,20
Myriapods 0,280 2,14 1,86 15 0,74 0,62
Molluscs 0,300 7,85 7,55 281 2,05 1,27
Annelids 0,060 7,64 7,58 146 1,31 1,27
Echinoderms 0,540 4,40 3,86 48 1,31 0,85
Tardigrades 0,050 0,82 0,77 23 0,34 0,23
Flatworms 0,060 20,52 20,46 71 2,08 3,44
Rotifers 0,060 1,22 1,16 27 0,32 0,33
Ctenophores 0,310 3,16 2,85 2 1,74 2,02
Angiosperm 0,070 152,23 152,16 10770 5,13 8,94
Gymnosperm 2,250 36,00 33,75 421 18,35 7,31
Pteridophyte 0,080 150,61 150,53 303 12,11 13,84
Bryophyte 0,160 20,46 20,30 334 0,92 1,75
Nematodes 0,020 2,50 2,48 75 0,17 0,32
Cnidarians 0,230 3,56 3,33 41 0,86 0,71
Sponges 0,040 1,80 1,76 101 0,25 0,26
Fungi 0,002 5,93 5,93 2404 0,08 0,35
Algae 0,010 32,37 32,36 445 1,33 3,37
Protists* 0,000018 0,03370 0,03368 21 0,017 0,013
Bacteria* 0,000108 0,01640 0,01629 21235 0,004 0,002
Archaea* 0,000501 0,00588 0,00537 406 0,003 0,001
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TABLE C.2: Amphipoda available C-values in picograms (Part 1) obtained
from the "Animal Genome Size Database" (Gregory, 2020) –based on FD Feulgen
Densitometry, Flow Cytometry (FCM), or Feulgen Image Analysis Densitometry
(FIAD)–. The following species are highlighted in bold letters: species with the
biggest genome; with the smallest genome; Baikalian species studied; and Hol-
arctic species studied. * based on FIAD–FCM.
Family Species Common Name C-value
Acanthogammaridae Acanthogammarus godlewskii Freshwater amphipod 8,32
Acanthogammaridae Acanthogammarus victorii Freshwater amphipod 5,43
Acanthogammaridae Brachyuropus grewingkii Freshwater amphipod 7,94
Acanthogammaridae Brandtia latissima Freshwater amphipod 6,13
Acanthogammaridae Carinurus bicarinatus Freshwater amphipod 7,24
Acanthogammaridae Cornugammarus maximus Freshwater amphipod 5,94
Acanthogammaridae Diplacanthus brevispinus Freshwater amphipod 5,82
Acanthogammaridae Dorogostaiskia parasitica Freshwater amphipod 6,30
Acanthogammaridae Garjajewia cabanisi Freshwater amphipod 10,57
Acanthogammaridae Hyalellopsis carinata Freshwater amphipod 5,85
Acanthogammaridae Odontogammarus calcaratus Freshwater amphipod 4,10
Acanthogammaridae Palicarinus puzylli Freshwater amphipod 5,64
Acanthogammaridae Parapallasea borowskii Freshwater amphipod 7,44
Acanthogammaridae Poekilogammarus pictoides Freshwater amphipod 3,18
Ampeliscidae Ampelisca macrocephala Marine amphipod 64,62
Aoridae Aoroides columbiae Marine amphipod 5,10
Aoridae Arctolembos arcticus Amphipod 16,09
Baikalogammaridae Baikalogammarus pullus Freshwater amphipod 2,15
Caprellidae Caprella equilibra Skeleton shrimp 0,68
Caprellidae Caprella scaura Skeleton shrimp 0,74
Crypturopodidae Crypturopus inflatus Freshwater amphipod 4,93
Crypturopodidae Echiuropus macronychus Freshwater amphipod 3,33
Epimeriidae Epimeria loricata Amphipod 13,49
Eulimnogammaridae Eucarinogammarus wagii Freshwater amphipod 5,39
Eulimnogammaridae Eulimnogammarus cyaneus Freshwater amphipod 3,82
Eulimnogammaridae Eulimnogammarus czerskii Freshwater amphipod 5,69
Eulimnogammaridae Eulimnogammarus marituji Freshwater amphipod 3,77
Eulimnogammaridae Eulimnogammarus melanochlorus Freshwater amphipod 4,22
Eulimnogammaridae Eulimnogammarus similis Freshwater amphipod 4,72
Eulimnogammaridae Eulimnogammarus verrucosus Freshwater amphipod 6,10–7,13*
Eulimnogammaridae Eulimnogammarus violaceus Freshwater amphipod 5,65
Eulimnogammaridae Eulimnogammarus vittatus Freshwater amphipod 3,95
Eulimnogammaridae Sluginella kietlinskii Freshwater amphipod 16,63
Eusiridae Rachotropis aculeata Amphipod 7,16
Gammaridae Gammarus lacustris Amphipod 14,06
Gammaridae Gammarus sp. Freshwater amphipod 2,17
Gammaridae Sp.1 ("Gammaridea sp.") Marine amphipod 1,58
Gammaridae Sp.2 ("Gammaridea sp.") Marine amphipod 3,80
Hyalellidae Hyalella azteca (sp. A) Amphipod 3,23
Hyalellidae Hyalella azteca (sp. B) Amphipod 1,76
Hyalellidae Hyalella azteca (sp. C) Amphipod 1,57
Hyalellidae Hyalella azteca (sp. D) Amphipod 2,61
Hyalidae Apohyale crassipes Amphipod 0,94
Hyalidae Apohyale prevostii Amphipod 1,89
Hyalidae Hyale crassipes Amphipod 0,96
Hyalidae Protohyale schmidti Amphipod 1,05
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TABLE C.3: Amphipoda available C-values in picograms (Part 2). "Animal
Genome Size Database" (Gregory, 2020) –based on FD Feulgen Densitometry,
Flow Cytometry (FCM), or Feulgen Image Analysis Densitometry (FIAD)–.
(Cont) Family Species Common Name C-value
Hyperiidae Themisto libellula Amphipod 3,97
Ischyroceridae Jassa marmorata Marine amphipod 0,95
Lysianassidae Anonyx nugax Amphipod 27,00
Macrohectopidae Macrohectopus branickii Freshwater amphipod 4,20
Micruropodidae Gmelinoides fasciatus Freshwater amphipod 3,68
Micruropodidae Linevichella vortex Freshwater amphipod 4,71
Micruropodidae Micruropus parvulus Freshwater amphipod 3,66
Micruropodidae Micruropus wohli Freshwater amphipod 3,94
Pallaseidae Pallasea brandtii Freshwater amphipod 7,60
Pallaseidae Pallasea cancelloides Freshwater amphipod 5,21
Pallaseidae Pallasea cancellus Freshwater amphipod 4,56
Pallaseidae Pallasea kessleri Freshwater amphipod 6,26
Pontoporeiidae Monoporeia affinis Amphipod 8,48
Pontoporeiidae Pontoporeia femorata Amphipod 8,48
Stegocephalidae Stegocephalus inflatus Amphipod 50,91
Talitridae Orchestia cavimana Amphipod 1,77
Talitridae Orchestia gammarellus Beach hopper, Beach flea 2,81
Talitridae Orchestia mediterranea Beach hopper, Beach flea 2,28
Talitridae Orchestia montagui Beach hopper, Beach flea 1,71
Talitridae Platorchestia platensis Sand flea 1,86
Talitridae Sardorchestia pelecaniformis Beach hopper, Beach flea 2,68
Talitridae Talitrus saltator Sand hopper 2,20
TABLE C.4: Crustacean genomes sequences available at NCBI (part 1). The
amphipod species are highlighted in bold letters. Gammarus roeselii (in blue) is the
closest species to Eulimnogammarus verrucosus, with a genome sequence available
at NCBI. Only the species with * present annotation. Genomes – NCBI Datasets
webpage was visited on January 31st, 2021. https://www.ncbi.nlm.nih.gov/
datasets/genomes/
Species Level Contig N50 Size Year
Acartia tonsa Scaffold 3 kb 989.164 Mbp 2018
Amphibalanus amphitrite* Scaffold 313 kb 613.414 Mbp 2019
Apocyclops royi Scaffold 2 kb 262.264 Mbp 2018
Armadillidium nasatum* Scaffold 75 kb 1.223 Gbp 2019
Armadillidium vulgare* Scaffold 38 kb 1.725 Gbp 2019
Scaffold 2 kb 15.703 Mbp 2016
Calanus finmarchicus Contig 1 kb 3.586 Mbp 2017
Calanus glacialis Contig 1 kb 3.941 Mbp 2017
Caligus rogercresseyi Chromosome 38 kb 478.201 Mbp 2019
Contig 2 kb 398.148 Mbp 2015
Contig 2 kb 361.738 Mbp 2015
Caridina multidentata Scaffold 1 kb 1.949 Gbp 2017
Cherax destructor Scaffold 81 kb 3.337 Gbp 2020
Cherax quadricarinatus Scaffold 3 kb 3.237 Gbp 2019
Daphnia carinata Chromosome 2,803 kb 131.591 Mbp 2020
Daphnia dubia Scaffold 0 kb 107.502 Mbp 2020
Daphnia magna* Chromosome 14 kb 122.938 Mbp 2019
Chromosome 14 kb 122.938 Mbp 2019
Scaffold 10 kb 129.543 Mbp 2016
140 Appendix C. Genomics
TABLE C.5: Crustacean genomes sequences available at NCBI (part 2). The
amphipod species are highlighted in bold letters. Only the species with * present
annotation. Genomes – NCBI Datasets webpage was visited on January 31st, 2021.
https://www.ncbi.nlm.nih.gov/datasets/genomes/
Species Level Contig N50 Size Year
Daphnia obtusa Scaffold 709 kb 167.554 Mbp 2020
Daphnia pulex* Scaffold 194 kb 189.551 Mbp 2019
Scaffold 49 kb 197.206 Mbp 2011
Eriocheir sinensis Chromosome 3,161 kb 1.272 Gbp 2020
Scaffold 45 kb 1.549 Gbp 2018
Eulimnadia texana Scaffold 10,428 kb 120.536 Mbp 2018
Eurytemora affinis* Scaffold 68 kb 389.032 Mbp 2017
Scaffold 68 kb 389.032 Mbp 2017
Gammarus roeselii Scaffold 5 kb 3.239 Gbp 2020
Hyalella azteca* Scaffold 114 kb 550.886 Mbp 2016
Scaffold 114 kb 550.886 Mbp 2019
Lepeophtheirus salmonis Chromosome 4,291 kb 668.155 Mbp 2020
Contig 13 kb 665.312 Mbp 2015
Contig 17 kb 665.130 Mbp 2015
Contig 10 kb 790.052 Mbp 2011
Lepidurus apus lubbocki Scaffold 16 kb 87.970 Mbp 2018
Lepidurus arcticus Scaffold 83 kb 73.106 Mbp 2018
Ligia exotica Scaffold 1 kb 953.555 Mbp 2017
Macrobrachium nipponense Chromosome 267 kb 1.985 Gbp 2020
Oithona nana Scaffold 39 kb 85.010 Mbp 2017
Orchestia grillus Scaffold 17 kb 812.069 Mbp 2020
Palaemon carinicauda Scaffold 1 kb 6.700 Gbp 2019
Pandalus platyceros Scaffold 1 kb 146.261 Mbp 2019
Paralithodes platypus Chromosome 148 kb 4.805 Gbp 2020
Parhyale hawaiensis Scaffold 10 kb 2.753 Gbp 2018
Penaeus japonicus Scaffold 1 kb 1.660 Gbp 2017
Penaeus monodon* Chromosome 45 kb 2.394 Gbp 2020
Chromosome 45 kb 2.394 Gbp 2020
Scaffold 2 kb 1.632 Gbp 2019
Scaffold 0 kb 1.447 Gbp 2017
Penaeus vannamei* Scaffold 87 kb 1.664 Gbp 2018
Scaffold 87 kb 1.664 Gbp 2018
Contig 7 kb 96.780 Mbp 2018
Platorchestia sp. MABIK Scaffold 21 kb 1.178 Gbp 2020
Pollicipes pollicipes* Scaffold 110 kb 770.090 Mbp 2020
Scaffold 110 kb 770.090 Mbp 2020
Portunus trituberculatus* Scaffold 1 kb 990.242 Mbp 2019
Procambarus virginalis Scaffold 1 kb 3.290 Gbp 2017
Semibalanus balanoides Scaffold 46 kb 486.009 Mbp 2020
Contig 1 kb 101.276 Mbp 2018
Tigriopus californicus* Chromosome 44 kb 191.143 Mbp 2019
Tigriopus japonicus Chromosome 71 kb 196.599 Mbp 2020
Tigriopus kingsejongensis Scaffold 1,294 kb 338.647 Mbp 2020
Tisbe holothuriae Scaffold 5 kb 276.260 Mbp 2019
Trachelipus rathkii Contig 40 kb 5.162 Gbp 2020
Trinorchestia longiramus* Scaffold 30 kb 886.098 Mbp 2019
Triops cancriformis Contig 13 kb 109.182 Mbp 2015
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FIGURE C.1: Sequence counts after processing (done in the full dataset). The
libraries Vr6 were based on one individual and were sequenced in January 2013.
Eve1 and Eve2 were technical replicates based on another individual (different
from the one in Vr6). The read counts in Eve2 were extremely low in comparison
with Vr6, as well as the quality (see the Figure C.2). The library Vr in the last line
of the plot was the mate-pair library constructed with an insert size of 2Kb. Plot
created with MultiQC v1.9 (Ewels et al., 2016).
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FastQC: Mean Quality Scores
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FastQC: Mean Quality Scores
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FastQC: Per Sequence Quality Scores
(C)
FIGURE C.2: Data quality check: before and after processing (done in the full
dataset): (A) Sequence quality in the raw data. From 42 fastq files, 35 passed,
and 7 failed. (B) Sequence quality after processing. The paired-ends reads which
could be overlapped have been merged, extending the read length further than
100bp. From 71 files, 57 passed, and 14 failed. The samples in red could have been
trimmed more drastically to avoid errors (one of the technical replicates library
preparation for the flow cell 2 was not so successful like the others, see Figure
C.1). (C) Sequence quality scores after processing. All 71 fastq files passed the
default quality criteria. Plots created with MultiQC v1.9 (Ewels et al., 2016).
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FastQC: Per Sequence GC Content
FIGURE C.3: GC content after processing (in the full dataset). From 71 fastqc
files, 1 passed the default quality criteria, 18 had warnings and 52 failed. Plot
created with MultiQC v1.9 .



















FIGURE C.4: k-mer spectras. k-mer spectras based on the full dataset reads
using different k-mer sizes: 15, 17, 23, 27, 31 and 47. See the subsection 6.2.5 in
page 91 for more details. Results based on the full dataset.















































FIGURE C.5: Coverage by sequence position after mapping the sequencing
data (only survey sequencing data used) to published DNA/mRNA sequences
of E. verrucosus: gapdh, myosin, and hsp70. Mean and standard deviation for the
coverage of each sequence are indicated as solid and dotted red lines, respectively.
In the coverage estimation, only the black-colored segments were considered. The
first and last 100 bases of each sequence were skipped due to the usual coverage
decay towards the ends. Furthermore, two internal segments (positions 530-574
and 1143-1392) in hsp70 with a coverage of around 44 and 16, respectively, were
also excluded from the calculation. See subsection 6.2.5, page 92 in Chapter 6 for





























































































FIGURE C.6: Position-wise coverage on the Hox gene contigs of E. verrucosus,
denoting in red the overall average: 37.06 (with a standard deviation of 23.35). In
this case, and in comparison with the Figure C.5, for the average calculation, the
ends of each contig were not removed, causing a drop in the overall average. This
effect can be seen in the long whiskers of the boxes in the Figure C.7 in contrast
with the Figure 6.4 in page 100, where only the homebox part of the genes/contigs
was used for the average (and therefore coverage) calculation. Results based on
the full dataset.
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FIGURE C.7: Box-whisker plots of the position-wise coverage on the Hox gene
contigs of E. verrucosus. See subsection 6.2.5, page 93 in Chapter 6 for further
details. Results based on the full dataset.















FIGURE C.8: Gaussian kernel-smoothed density of the distribution of cover-
age means on the homeobox part of the different Hox genes. The distribution
of coverage means was used to estimate the genome size of E. verrucosus, except
for the two peaks at the extremes. See subsection 6.2.5, page 93 in Chapter 6 for
further details. Results based on the full dataset.
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FIGURE C.9: Box-whisker plots of the position-wise coverage for each newly
annotated mature miRNA of E. verrucosus (based only on the survey sequencing
data). The right panel shows a Gaussian kernel-smoothed density of the distribu-
tion of coverage means. The distribution of coverage means was used to estimate
the genome size of E. verrucosus. See subsection 6.2.5, page 92 in Chapter 6 for
further details. Figure originally published on Rivarola-Duarte et al. (2014).
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TABLE C.6: Amount of reads in millions (M) from the full dataset of se-
quencing data that can be mapped to the repeat clusters (core sequences) with
segemehl (90% or 95% accuracy). Based on these statistics, five clusters of repet-
itive elements comprise between 48.05–62.51% of the genome of E. verrucosus (or
at least from the part of the genome that was covered by the sequencing data).
Similar numbers were obtained for the survey data even at a lower overall cover-
age. The clusters A and B comprise several repeat contigs with main differences
on the margins but similar core repeat sequences. Due to the collection of low-
complexity or tandem repeat-like sequences in cluster C, it contained many core
repeat sequences (see the Chapter 6 for more details).
Cluster N° repeat sequences # reads mapping to clusters with
core contigs 95% accuracy 90% accuracy
A 4 44 698 M 14.53% 1145 M 23.85%
B 4 12 1311 M 27.30% 1374 M 28.61%
C 30 34 181 M 3.78% 232 M 4.84%
D 2 4 41 M 0.86% 104 M 2.18%
E 1 2 75 M 1.58% 145 M 3.02%





















FIGURE C.10: Phylogenetic tree of the core repeat sequences of the most abun-
dant repeat clusters (A, B, D, and E) without the low complexity sequences
from cluster C. The tree was calculated and constructed using MEGAv.5.10 and the
Neighbor-Joining algorithm. The evolutionary distances were computed using
the Maximum Composite Likelihood approach. See the Methods subsection in
page 93 for details. The bootstrap values after 1000 samples are shown along the
edges of the tree. Figure originally published on Rivarola-Duarte et al. (2014).





















































































































FIGURE C.11: Phylogenetic tree of the core repeat sequences of the most
abundant repeat clusters (A, B, C, D, and E). The tree was calculated and con-
structed using MEGA 5.10 and the Neighbor-Joining algorithm. The evolutionary
distances were computed using the Maximum Composite Likelihood approach.
See the Methods subsection in page 93 for details. The bootstrap values after 1000
samples are shown along the edges of the tree. Figure originally published on
Rivarola-Duarte et al. (2014).
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TABLE C.7: Core repeat sequences: entropy calculation and tandem repeat
search results. The table summarized the relative entropies (or Kullback-Leibler
divergence) of the core repeat sequences and the best hits given by RepeatMasker
tandem repeat search. Dashes indicate core sequences w/o RepeatMasker hits.
The core sequences of cluster C are deemed low-complexity due to the high en-
tropy values (> 0.7) and high-scoring RepeatMasker hits found for most of them.
The core sequences marked with an asterisk match microsatellite patterns that
also have been observed in other species. SW = Smith-Waterman
# core RepeatMasker repeat class SW relative begin end
repeat result family score entropy
A A1 - - 0.31
A2 - - 0.285
A3 - - 0.263
A4 - - 0.249
B B1 - - 0.055
B2 - - 0.069
B3 - - 0.047
B4 - - 0.023
C C1 Rex1-31_DRe LINE/Rex-Babar 241 1,229 3 57
(TACAGACA)n Simple repeat 160 58 297
C2 (ATACGGAC)n Simple repeat 161 1,13 6 194
C3 (G)n Simple repeat 116 2,349 100 252
C4* (ACGATG)n Simple repeat 116 1,597 1 101
C5 (AC)n Simple repeat 50 1,103 4 59
(GACATGCA)n Simple repeat 116 64 164
C6 (AACATT)n Simple repeat 116 1,191 7 107
C7 (CCCACA)n Simple repeat 152 2,335 1 164
C8 (GACTTA)n Simple repeat 116 1,192 10 110
C9 (GGACACACGT)n Simple repeat 115 1,187 10 110
C10 Polinton-1_DR DNA/Maverick 237 1,836 1 55
(ACACACGG)n Simple repeat 116 56 156
C11 (ACAAAGTC)n Simple repeat 114 1,176 6 105
C12 (TACAGGCA)n Simple repeat 72 0,789 1 64
(CATGCGGA)n Simple repeat 116 68 168
C13 (TACA)n Simple repeat 142 1,82 1 148
C14 (CGAA)n Simple repeat 116 1,962 10 110
C15 (A)n Simple repeat 80 3,331 1 97
C16* (GGAT)n Simple repeat 117 1,727 1 102
C17 (TGAA)n Simple repeat 118 1,777 1 103
C18 (ATG)n Simple repeat 116 1,965 1 101
C19 (GAC)n Simple repeat 118 2,398 6 107
C20 (GAGCGAAC)n Simple repeat 117 1,642 9 110
C21* ERV1-N3-I_DR LTR/ERV1 475 2,255 2 56
Polinton-1_DR DNA/Maverick 458 57 210
ERV1-N3-I_DR LTR/ERV1 475 211 304
(CA)n Simple repeat 606 1 325
C22 (CGTGCAAA)n Simple repeat 178 0,987 1 245
C23* (AAC)n Simple repeat 158 1,845 3 241
C24 (TTAAAATATG)n Simple repeat 146 1,341 5 131
C25 (TCTTTAAACA)n Simple repeat 185 0,924 12 171
C26* (CTTAAAATAT)n Simple repeat 115 1,376 10 110
C27 (ATCCA)n Simple repeat 45 1,149 1 41
(CTAAC)n Simple repeat 114 42 141
C28 - - 0.797
C29 - - 1.522
C30 - - 1.17
D D1 - - 0.208
D2 - - 0.193
E E - - 0.136
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(A) zen
(B) Antp
FIGURE C.12: View of reads mapping to the hox genes zen and Antp. Sev-
eral consistent SNPs can be seen. Since the contigs used as "references" in this
plot were assembled based on the survey data (3 X coverage) in 2014, it can be
that they contain errors because of their initial assembly based solely on Daphnia
pulex. They have to be re-assembled using the complete dataset (46 X coverage),
other phylogenetically closer organisms like e.g. Parhyale hawaiensis, and the crys-
tallization procedure used by Christian Otto in Rivarola-Duarte et al. (2014). Ref-
erence: hox contigs assembled based on 3 X data. The reads mapped with 95%
accuracy (Segemehl) belong to the full dataset (FC2 + FC3 46 X). Done with IGV
2.8.13 http://software.broadinstitute.org/software/igv/Credits.
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(A) Dfd
(B) Abd-B
FIGURE C.13: View of reads mapping to the hox genes Dfd and Abd-B. Sev-
eral consistent SNPs can be seen. Since the contigs used as "references" in this
plot were assembled based on the survey data (3 X coverage) in 2014, it can be
that they contain errors because of their initial assembly based solely on Daphnia
pulex. They have to be re-assembled using the complete dataset (46 X coverage),
other phylogenetically closer organisms like e.g. Parhyale hawaiensis, and the crys-
tallization procedure used by Christian Otto in Rivarola-Duarte et al. (2014). Ref-
erence: hox contigs assembled based on 3 X data. The reads mapped with 95%





Even when the web location of files containing supplementary information has been
given thorough the text (mostly in the form of footnotes), here is a recap:
Population Genetics
Alignment of COI sequences from all specimens from all examined amphipod species.
https://static-content.springer.com/esm/art%3A10.1186%2Fs12862-019-1470-8/MediaObjects/12862_
2019_1470_MOESM2_ESM.txt




The following files can be found here:
https://drive.google.com/drive/folders/1IXxIni-ODnr4lWNaVzpRGr5wZ4HHWBlM?usp=sharing
• BUSCO findings in the best assembly gotten for Eulimnogammarus verrucosus
• Ensembl results for the core repeats of Eulimnogammarus verrucosus
• CENSOR-GIRI results for the core repeat sequences from Eve (two files)
• CENSOR-GIRI results for Parhyale hawaiensis sequences with the biggest amount of
reads mapped from Eve, with 85-90%, and with 95% accuracy (two files)
The following sequences can be found here:
https://www.bioinf.uni-leipzig.de/supplements/13-003
• 38 mature miRNAs and 33 miRNA precursors of E. verrucosus
• 9 Hox gene contigs of Eve, homeobox and splice site/exon annotation
• 41 core repeats and 96 repeat contigs of E. verrucosus
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Transcriptomics
Complete project in NCBI: raw data, assemblies, and differential expression datasets.
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA505233
Eulimnogammarus verrucosus transcriptome assembly.
https://www.ncbi.nlm.nih.gov/nuccore/GHHK00000000.1/
Eulimnogammarus cyaneus transcriptome assembly.
https://www.ncbi.nlm.nih.gov/nuccore/GHHW00000000.1
Gammarus lacustris transcriptome assembly.
https://www.ncbi.nlm.nih.gov/nuccore/GHHU00000000.1
GO terms over-represented in transcripts differentially expressed between species.
https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-019-6024-3/MediaObjects/12864_
2019_6024_MOESM2_ESM.xlsx




GO terms over-represented in transcripts differentially expressed in response to ele-
vated temperature or cadmium.
https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-019-6024-3/MediaObjects/12864_
2019_6024_MOESM4_ESM.xlsx




Sequences and characteristics of metallothionein-like transcripts.
https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-019-6024-3/MediaObjects/12864_
2019_6024_MOESM6_ESM.xlsx






As much as desired, to one’s fill, without restriction. In other words, and if refer-
ring to eating behavior: "all you can eat".
18S ribosomal RNA
18S rRNA is the structural RNA for the small subunit (40S) of eukaryotic cytoplas-
mic ribosomes, and thus one of the basic components of all eukaryotic cells. 18S
rRNA is the eukaryotic cytosolic homologue of 16S ribosomal RNA in prokaryotes
and mitochondria (Wikipedia).
ABGD
Automatic Barcode Gap Discovery.
antennae
(Taxon-specific: Order Amphipoda) Second pair of antennae. Uniramous, con-
sisting of proximal five-segmented peduncle and distal flagellum. May bear sen-
sory structures (aesthetascs, calceoli). (short, long; slender, robust; naked, setose,
spinose; similar, sexually dimporphic; pediform). See Figure A.1.
benthic
Refers to anything associated with or occurring on the bottom of a body of water.
biodiversity
The variety and variability of life on Earth. Typically a measure of variation at the
genetic, species, and ecosystem level. Terrestrial biodiversity is usually greater
near the equator, which is the result of the warm climate and high primary pro-
ductivity.
C-value
The DNA amount, in picograms, in the unreplicated gametic nucleus of an organ-
ism, irrespective of the ploidy level of the taxon.
caudal
Posterior (rear, tail) end of organism (Martin, n.d.).
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COI




ratio of the number of nonsynonymous substitutions per non-synonymous site
(pN) to the number of synonymous substitutions per synonymous site (pS), which
can be used as an indicator of selective pressure acting on a protein-coding gene.
A ratio greater than one implies positive or darwinian selection, less than one
implies purifying selection, and a ratio of one indicates neutral selection.
dorsal
Of, or pertaining to, the back or upper surface. Top or back of shrimp crayfish
(Martin, n.d.).
effective population size
Effective population size is the number of individuals in a population who con-
tribute offspring to the next generation. In an ecological sense, the size of a pop-
ulation can be measured by simply counting the number of adults in a locality.
However, for the theory of population genetics what matters is the chance that two
copies of a gene will be sampled as the next generation is produced, and this is af-
fected by the breeding structure of the population. It is measured as within-species
genetic diversity divided by four times the mutation rate. Wikipedia & https://
www.blackwellpublishing.com/ridley/a-z/Effective_population_size.asp.
ENC
effective number of codons.
endemism
Ecological state of a species being native to a single defined geographic location,
such as an island, nation, country or other defined zone, or habitat type; Organ-
isms that are indigenous to a place are not endemic to it if they are also found
elsewhere.
FCT index
refers to the proportion of total genetic variance due to differences between groups





Feulgen Image Analysis Densitometry.
gene flow
In population genetics, gene flow (also known as gene migration or allele flow) is
the transfer of genetic material from one population to another. If the rate of gene
flow is high enough, then two populations will have equivalent allele frequencies
and therefore can be considered a single effective population (Wikipedia).
genetic distance
measure of the genetic divergence between species or between populations within
a species, whether the distance measures time from common ancestor or degree
of differentiation. Populations with many similar alleles have small genetic dis-
tances. This indicates that they are closely related and have a recent common
ancestor (Wikipedia).
Holarctic
Biogeographic realm that encompasses the majority of habitats found through-
out the northern continents of the world, combining Wallace’s Palearctic zoogeo-
graphical region, consisting of North Africa and all of Eurasia (with the exception
of the southern Arabian Peninsula, Southeast Asia, and the Indian subcontinent),
and the Nearctic zoogeographical region, consisting of North America and the
north of Mexico.
Holocene
is the current geological epoch. It began approximately 11,650 cal (radiocarbon)
years ago, after the last glacial period. The Holocene corresponds with rapid pro-
liferation, growth and impacts of the human species worldwide, including all of
its written history, technological revolutions, development of major civilizations,
and overall significant transition towards urban living in the present (Wikipedia).
LC10
Lethal Concentration. The concentration of a particular chemical in air or water
that kills 10% of the test animals during the observation period.
littoral
The zone in an aquatic ecosystem (river, lake, sea) close to the shore, defined by
the presence of sunlight at the sediment level, and the corresponding growth of
partially-submerged to fully-submerged aquatic plants. It is also generally char-
acterized by abundant dissolved oxygen, nutrients, water motion, and alternating
intervals of submergence and exposure.
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LT10
Lethal Temperature. Particular temperature that kills 10% of the test animals dur-
ing the observation period.
metasome
(Taxon-specific: Order Amphipoda): Anterior of two subdivisions (pleosome, uro-
some) of abdomen (pleon). Consists of three somites (pleomeres), each bearing
pair of appendages (pleopods). Also called Pleon or Pleosome (Martin, n.d.). See
Figure A.1.
molecular operational taxonomic unit (MOTU)
refers to clusters of (uncultivated or unknown) organisms, grouped by DNA se-
quence similarity of a specific taxonomic marker gene. In other words, MOTUs
are pragmatic proxies for "species" (microbial or metazoan) at different taxonomic
levels, in the absence of traditional systems of biological classification as are avail-
able for macroscopic organisms. For several years, OTUs have been the most
commonly used units of diversity, especially when analysing small subunit 16S





(Of an animal or person) feeding on a variety of food of both plant and animal
origin.
Palearctic
The largest of the eight biogeographic realms of the Earth. It stretches across all of
Eurasia north of the foothills of the Himalayas, and North Africa.
pelagic
The pelagic zone consists of the water column of the open ocean, and can be fur-
ther divided into regions by depth. The word "pelagic" is derived from Ancient
Greek pélagos ’open sea’. The pelagic zone can be thought of in terms of an imag-
inary cylinder or water column that goes from the surface of the sea almost to the
bottom (Wikipedia).
pereopod
(Taxon-specific: Order Amphipoda) One of up to seven pairs of appendages of
pereon. Uniramous, consisting of modified (immovable) coxa (coxal plate) and
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six free segments (basis, ischium, merus, carpus, propodus, dactylus). Anterior
two pairs may be differentiated as gnathopods. (simple, che-late, subchelate; am-
bulatory, raptorial). (syn. peraeopod, pereiopod, walking leg) (Martin, n.d.). See
Figure A.1.
polyphyletic
(of a group of organisms) derived from more than one common evolutionary an-




A large area of the earth in which plates of the earth’s crust are moving away from




(in Zoology) a beaklike projection, especially a stiff snout or anterior prolonga-
tion of the head in an insect, crustacean, or cetacean. (Taxon-specific: Order Am-
phipoda) Unpaired, immovable anterior extension of head between bases of an-
tennules. (deflected, spine-like, triangular) (Martin, n.d.).
SAMOVA
Spatial Analysis of MOlecular VAriance.
setae
(in Zoology) a stiff structure resembling a hair or a bristle, especially in an inver-
tebrate. A cuticular hair arising from the outside of the exoskeleton (Martin, n.d.).
snRNA
Small nuclear RNA (snRNA) is one of the small RNA with an average size of 150
nt. Eukaryotic genomes code for a variety of non-coding RNAs, and snRNA is a
class of highly abundant RNA, localized in the nucleus with important functions
in intron splicing and other RNA processing (Hari and Parthasarathy, 2019).
stenotherm
a species or living organism only capable of living or surviving within a narrow
temperature range. The opposite is a eurytherm, an organism that can function at
a wide range of different body temperatures.
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telson
(in Zoology) the last segment in the abdomen, or a terminal appendage to it,
in crustaceans, chelicerates, and embryonic insects. (Taxon-specific: Order Am-
phipoda) Posteriormost, relatively small segment of body. Shape is of taxonomic
importance, (fleshy, laminar; entire, emarginate = bilobed = cleft; acute, rounded;
naked, setose, spinose) (Martin, n.d.).
uropod
(Taxon-specific: Order Amphipoda) Paired appendage of each segment (urosomite)
of posterior subdivision (urosome) of abdomen. Basically biramous, consisting of
basal segment (peduncle) and pair of rami. (lamellate, styliform) (Martin, n.d.).
See Figure A.1.
urosome
(in Zoology) the postabdomen of an arthropod. The last part of the body (tail).
(Taxon-specific: Order Amphipoda) Posterior of two subdivisions (pleosome, uro-
some) of abdomen (pleon). Consists basically of three somites (urosomites), each
bearing pair of appendages (uropods) (Martin, n.d.). See Figure A.1.
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